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 Abstract 
 
In this thesis, four ligands have been designed and synthesised incorporating 
different functional groups. All four ligands were fully characterised by 1H NMR, 13C 
NMR, powder X-ray diffraction (PXRD), ESI-HRMS, FT-IR spectroscopy, scanning 
electron microscope-electron dispersive spectroscopy (SEM-EDS), UV-Vis 
spectroscopies as well as single crystal X-ray diffraction for three of them. In 
addition, two crystals of metal complexes were prepared and characterised in solid 
state. 
On the other hand, the stability constants of each ligand with a range of metal 
ions were determined by UV-vis titration using Benesi-Hildebrand method at room 
temperature in MeOH:H2O (v/v 1:1, HEPES pH = 7) solution. Metal complexes in 
stoichiometric ratio either M : L (1:1) or (1:2) were found in solution. One new ligand 
is selected as a potential receptor for detection of Cu2+. 
 
 
 
  
 
 
 
 
 
 
 
 
                                                                     
  
 
CHAPTER 1: 
INTRODUCTION 
1 
Chapter 1 - Introduction 
 Drive for Chemistry 1.1
 
The inspiration and underlying motivation behind chemistry is driven by the 
discovery of how matter is put together and the way it interacts with other external 
forms of matter.1 There is an enduring endeavour to constantly synthesise materials 
in the form of active drugs,2 nanostructures, electrical devices and to mimic natural 
products.3 Every functional group and donor atom of a structurally specific molecule 
has a predicted particular placement within a constructed targeted framework 
making the synthesis a challenging task. Owing to the knowledge of reaction 
mechanisms in fundamental chemistry, a synthetic chemist strongly desires to 
ensure precise control measures are undertaken to the highest degree in an attempt 
to synthesise compounds by design.4 Supramolecular chemistry surpasses the basis 
of these compounds and explores the formation of every interaction at the molecular 
level.2, 5 
 Supramolecular Chemistry 1.2
 
Since the 20th century, supramolecular chemistry has gained significant 
research interest.4, 5 In 1969, Jean-Marie Lehn coined the term ‘supramolecular 
chemistry’ using it to refer to the field of chemistry related to the interaction amongst 
designed molecular assemblies and intermolecular bonds,6 otherwise commonly 
known as ‘chemistry beyond the molecule’. Supramolecular chemistry became a 
recognised academic area as a result of an influential moment in 1987 when the 
Nobel Prize was awarded to Donald J. Cram,7 Jean-Marie Lehn, and Charles J. 
Pedersen for recognition of their dedicated work, in particular, ‘host-guest’ 
complexes.8 Furthermore, Lehn remarkably revolutionised the field of 
supramolecular chemistry when he established4 and defined a comparison between 
the scope of molecular and supramolecular chemistry, as depicted in figure 1.13, 4, 6, 9 
2 
 
Figure 1.1: Comparison between the scope of molecular and supramolecular chemistry 
according to Lehn. 4, 6 
 
Supramolecular chemistry focuses on the specific arrangements of chemical 
systems which are bonded in such a way they interconnect with each other to 
construct greater architectures at the molecular level.10 Various synthons assemble 
these molecular architectures, which are held together by non-covalent forces 
including hydrogen bonding,11 π–π interactions, Van der Waals interactions and 
electrostatic interactions.12 Due to the weak and fragmented characteristics of these 
bonds, they are easily broken and pulled apart in a defined arrangement13 to form 
new complexes throughout a process known as molecule self-assembly,14 a 
paramount concept in supramolecular chemistry. As shown below, figure 1.2 
illustrates these concepts in supramolecular chemistry which are also discussed in 
the introduction. 
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Figure 1.2: Flow chart illustrating concepts of supramolecular chemistry discussed in this 
thesis. 
 
 Molecular Self-Assembly 1.2.1
 
The construction of functional supramolecular architectures would not be just 
without the essential process of molecular self-assembly.15 By definition, self-
assembly is a paramount strategy16 where molecules are rearranged in a divergent 
mode without any interference from an external source.17 George Whitesides defines 
self-assembly as “the spontaneous assembly of molecules into structured, stable, 
non-covalently joined aggregates”.16 As conveyed throughout figure 1.3, these 
molecules which are either separate or linked, spontaneously form ordered 
aggregates throughout noncovalent interactions.18 During the process of self-
assembly, the molecular structure determines the final construction and configuration 
of the assembly.19 The noncovalent synthesis of two-dimensional and three-
dimensional nano-, meso- and supra- molecular structures have enabled a deeper 
understanding of molecular architectures which are used for the construction of 
multipurpose materials20 with a range of applications in information technology, 
biological sciences and environmental sciences. Examples of molecular self-
assembly include the formation of lipid bilayers,21 colloids, phase-separated 
polymers, the folding of polypeptide chains into proteins and inorganic metal 
complexes.22 
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Figure 1.3: Self-assembly of hydrogen bonding reactants, generating a side-chain 
supramolecular polymer aggregate.11, 23 
 
Self-assembly is promoted between a synthesised ligand, known as the first 
constituent, as well as, an added organic molecule or ion of interest. As a result of 
this self-assembly, the most thermodynamically stable arrangement will 
consequently form. These particular types of supramolecular systems typically 
produce complexes with a high level of molecular symmetry.24 Due to this, common 
geometric shapes such as squares, rectangles, cubes, triangles and octahedrons 
are usually established.25 Additionally, the knowledge of the known synthon 
properties and preferences are able to predict the shape of a supramolecular 
system. The process of self-assembly is known to be reversible.16, 26 Therefore, any 
mismatched subunits or assemblies can be eradicated from the final structure. 
Moreover, noncovalent reactions between building blocks during spontaneous 
self-assembly can be manipulated in order to reach a desired final structure.27 It is 
likely to predict the behaviour of a molecular subunit, as well as, the ways in which 
different subunits will associate together to form a larger architecture.22 These 
predictions are applied to allow synthesis of a certain molecular unit throughout a 
conceptual design strategy to achieve directed self-assembly.11, 16  
5 
Directed self-assembly involves controlling reaction conditions including reagent 
stoichiometry, binding preferences, chelation effects, solvent and solution pH.28 By 
controlling and optimising these conditions, tuning of the synthesis process is 
promoted in order for the complete formation of the final desired molecular unit. This 
thesis explores the concept of self-assembly and investigates the spontaneous 
linkage between two molecular subunits, as well as, the way they associate with 
each other to form larger architectures.   
 
 Metallo-supramolecular Chemistry   1.2.2
 
Within the field of supramolecular chemistry, immense recognition has been 
given to metallo-supramolecular systems which comprise of metal ion/s coordinated 
and reacted to a variety of pre-formed organic ligands.29 This coordination is 
administered by comparable properties as supramolecular architectures display a 
high degree of symmetry,30 as well as, a diverse assortment of molecular 
geometries.31 In addition to this, these architectures are designed and synthesised to 
potentially perform and behave in a highly predicted way. If successful, these 
predictions can further lead to assisting in a wide range of applications including 
drug-delivery,32 catalysis,33 gas storage, sequestration and host-guest binding.34 This 
is evident in current published research where molecular systems formed of metallo-
supramolecular structures are created and clearly applicable in these areas. 
 
 Host-Guest Chemistry   1.2.3
 
While on the other hand, host-guest chemistry describes complexes which 
hold one or more molecules together to create a whole constructional unit.7 The 
molecular recognition and interaction between these host-guest molecules are 
bound structurally through noncovalent bonding.35 Noncovalent bonding is crucial to 
consequentially allow the formation of three dimensional structured large molecules 
in chemical and biological environments.36 Molecular recognition is a phenomenon in 
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which molecules employ corresponding functionalities to interact in a precise and 
definite manner throughout intermolecular forces. This concept was first realised 
within biological systems, being employed as early as the 1890’s when Emil Fisher 
illustrated the design of a lock-and-key interaction.37 Fischer presented the idea that 
in order for selective binding to occur, the means of having a guest must be 
complementary to host by size and shape.38 Accordingly, molecular recognition was 
compared to a lock-and-key model process similarly as fitting a key within a lock in 
the context of complementarity is required. The lock plays the role as a molecular 
receptor and the key acts as a guest substrate.39 In biology, enzyme recognition in 
the context of substrate-specific binding is also governed by this same ‘lock-and-key’ 
principle (figure 1.4). 
 
Figure 1.4: Rigid lock and key model, induced fit models of enzyme – substrate binding.37  
 
Molecular recognition and host-guest chemistry are at the cornerstone of 
supramolecular chemistry. A common metal-directed supramolecular architecture 
consists of an organic ligand coordinating to a metal ion via host-guest 
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interactions.26, 40 Once the guest molecule is identified, the design of a host is further 
optimised by modifying interaction abilities such as solubility properties in working 
media, as well as, the addition of other functional groups to ensure improved 
sensitivity.41  
Host-guest coordination between a ligand and metal ion are generally 
observed as a Lewis acid-base reaction, where the ligand acts as the host and 
donates electrons.42 For organic ligands, electron pair donor sites are typically 
located on donor atoms such as, nitrogen, oxygen or sulphur atoms within a ligand’s 
structure. As a result, metal ions act as the guest and accept the electron pair. The 
oxidation state and preferred coordination arrangement of a metal ion heavily 
influence and determines the final metal coordination arrangement with the ligand, 
otherwise known as, ‘the host’. Additionally, it is likely to theoretically predict 
molecular structures synthesised from interactions between the electron donor and 
acceptor sites.43 Consequently, a balanced design is implemented to construct 
ligands which are specifically suited to detailed metal characteristics.  
The concept of controlling host-guest coordination between a self-assembled 
unit and a metal ion is studied and explored in this thesis. Corresponding concepts 
such as the design of a host, optimising interaction abilities and the addition of 
functional groups was undertaken is also explored. The following host-guest 
interactions detailing binding and coordination points shown below is studied within 
this thesis. 
Common neutral cationic binding hosts such as crown ethers, podands, 
cyclophanes, cryptands and calixarenes complex with guests through hydrogen 
bonding, cation- π or π - π interactions.44 Nobel Prize laureate, Charles J. Pedersen 
synthesised a group of organic compounds named ‘crown ethers’,45 which have the 
affinity to strongly bind with certain cations by selectivity, consequently forming 
complexes.46 As shown in figure 1.5, Pedersen’s first synthesis of dibenzo-18-crown-
6, the electron-donating oxygen atoms within the crown ether ‘capture’ the positively 
charged ion, a primary example of ‘host-guest’ chemistry.47 This thesis specifically 
explores various cations and investigates cation binding within supramolecular 
materials. 
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Figure 1.5: Chemical reaction scheme of the synthesis of dibenzo 18-crown-6.45, 47 
 
 Ligand Design – Schiff-Base Reactions  1.3
 
Discovered by Hugo Schiff,48 Schiff-base ligands have become a focal point 
for chemists, especially amongst supramolecular chemists for a number of 
reasons.49 These include direct synthesis which can be applied in a wide range of 
systems and displays strong coordinative abilities, as well as, respective 
encapsulating properties that have been reported throughout of literature.50 Schiff-
base reactions are commonly used in the synthesis of systems. These compounds 
have been proved to show multifunctional material such as, optical, magnetic, 
catalytic and electrochemical properties.50, 51  
Schiff-bases are readily used by metallo-organic chemists as a means to 
introduce rigidity to a ligand’s structure. The objectives of nucleophilic attack by 
amines include aldehydes and ketones and their electrophilic carbon atoms. The 
reaction results with a compound in which the C=N double bond substitutes the C=O 
double bond.49 This type of complex is a Schiff-base reaction and is portrayed in 
figure 1.6. Schiff-base units also coordinate with metal ions which allow for metal 
ions to be trapped and removed from solution. In addition, the nitrogen site on a 
Schiff-base function group is employed for binding to metal ions.  
 This property is commonly utilised where a ligand shelters and encapsulates 
a metal centre. Moreover, the higher the degree of conjugation within the Schiff-base 
system, the grander the stability of the complex.49 
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Figure 1.6: Formation of an (imine) Schiff-base. 
 
Depending on the environment, Schiff-base reactions are sometimes unstable 
and reversible via hydrolysis. Generally, the complexation of Schiff-bases with metal 
salts improves this stability during the formation of a coordination complex.51 Also, 
Schiff-bases containing an aliphatic substituent have been shown to be highly 
susceptible to hydrolysis. Nevertheless, the use of the imine ligands connected to an 
aromatic substituent is considerably more stable due to the conjugated system. As a 
result, the system is less vulnerable to hydrolysis.52 Therefore, attentive planning of 
geometry and binding sites combined with favourable properties of suitable metal 
ions constitutes the design of a stable Schiff-base system. As a result, this complex 
demonstrates ‘host-guest’ concept (section 1.2.3) amongst the non-covalent 
interactions between the Schiff-base ligand (host) and a metal ion (guest).53 
The Schiff-base reaction is a well-documented organic reaction used by 
chemists for a vast number of reasons. Current literature shows a wide range of 
Schiff-base metal complexes which exhibit research findings involving properties 
potentially applied to biological activities.54, 55 These include anti-fungal, anti-
inflammatory, anti-tumour and anti-viral activities.54 Due to the prompt development 
of these reactions, interesting conclusions are collected in the field of coordination 
chemistry. Therefore, the Schiff-base reaction is undertaken as a means of design 
throughout the synthesis of the supramolecular materials in this thesis. 
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 Chemosensors – Detection of Metal Ions 1.4
 
Continued research efforts has been dedicated to supramolecular chemistry, 
and this is attributed to the potential of these materials to conduct specialised 
functions for future technologies such as, chemosensors.56-60  
A chemosensor is a supramolecular material which exhibits an optical 
response when enthused by interactions with a targeted chemical unit.60 Host units 
are the high priority material in chemosensor systems as investigations 
fundamentally focus on the chemical and physical changes of such materials when 
host-guest interactions are activated.61 As a result of these interactions, an 
intermolecular electrochemical shift is caused which is usually associated with a shift 
in wavelengths of light that are absorbed and reflected. A true colorimetric 
chemosensor is one that detects targeted material by the naked-eye,59, 62 an 
accurate representation of this involve materials that exhibit a wavelength shifting in 
the visible region of light hence, host-guest coordination simply witnessed by the 
naked-eye.59 Moreover, chemosensor units respond to unique and interesting 
interactions with targeted materials (guest) that is exhibited throughout a certain 
colour change.63 These targeted materials include metal ions or organic molecules 
such as cyanide.  
On the other hand, chemosensors can also be selective towards desired 
metal ions through fluorescence, where detection of a metal ion is exhibited 
throughout a ‘turn-on’ fluorescence unit.64 A fluorescence emission of a targeted 
metal can be contrasted from other metals, hence, showing selectivity towards that 
metal ion. For example, work conducted by Tang et al. produced a fluorescence 
probe (Fig. 1.7) for Hg2+ and Zn2+ ions.65 The probe exhibited highly selectivity and 
sensitivity for Zn2+ and Hg2+ over other metals with different fluorescence colour 
change. The probe was successfully applied in the detection of Zn2+ and Hg2+ in real 
water samples and the living cell imaging.65  
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Figure 1.7: Synthesis route of Tang et al. probe, 2:1 reaction of thiosemicarbazide and 2,6-
diformyl-4-methylphenol.65 
 
 Focus of This Thesis 1.5
 
Supramolecular architectures exhibiting optical properties are investigated in 
this thesis with a focus on UV-Vis studies as they are convienient, easy, and suitable 
for naked eye detection. The underlying motivation behind this thesis is to construct 
a colorimetric chemosensor, an optical unit upholding the efficiency of a reliable, 
cost-efficient and portable chemvosensor. Colorimetric chemosensors reflect a 
naked-eye response for a real life application where no further materials are utilised 
in order to note an optical change in colour.66 For instance, a convenient and 
immediate response for testing in waste waters, environmental pollution department 
and national parks.62, 67 Colorimetric chemosensors are the future potential of water 
testing as they offer rapid and accurate results. Therefore, throughout this thesis, 
investigation of colorimetric chemosensors is undertaken as the ultimate technique 
of detecting heavy toxic metal ions.  
For example, cobalt as a transition metal ion causes severe effects on human 
beings when in excess. Toxicological effects inflicted on humans include various 
diseases and disabilities such as, asthma, heart disease, lung disease, vasodilation, 
dermatitis, as well as, decreased cardiac output and cardiac enlargement.68 
Nevertheless, the right amount of cobalt aids in the metabolism of iron, as well as, 
the synthesis of haemoglobin and is also an important component of vitamin B12. A 
study conducted by Park et al.69 produced highly selective and sensitive colorimetric 
receptor which detects the presence of Co2+ as the solution undergoes naked-eye 
colour change from yellow to orange (Fig. 1.8 and Fig. 1.9). The sensing properties 
towards various metal ions were experimented against this receptor. Therefore, this 
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receptor gained favourable and practical colorimetric recognition of cobalt in the 
presence of an aqueous solution. 
 
Figure 1.8: Synthesis of Park et al. colorimetric sensor, 1:1 reaction of 8-hydroxyjulolidine-9-
carboxaldehyde and quinolin-8-amine.69  
 
 
Figure 1.9: (a) UV-Vis spectra of receptor 1 and metals and (b) Colorimetric change shown – 
receptor 1 in the presence of Co2+. Image sourced from Park et al.69 
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 Significance of Chemosensors  1.6
 
As population grows, it is important to monitor levels of heavy toxic metal ion 
concentrations which arise from a variety of natural and anthropogenic sources. The 
demand for chemosensors that are sensitive and selective for specific target ions is 
endlessly increasing. Over recent times, many approaches have been undertaken to 
detect trace amounts of different metal ions. These include atomic absorption 
spectroscopy, inductively coupled plasma atomic emission spectrometry,70 as well 
as, electrochemical methods. However, these methods require sophisticated and 
bulky equipment with tedious sample preparation procedures, as well as, trained 
operators. On the contrary, colorimetric chemosensors conveniently monitor target 
ions with the naked eye hence, attracting extensive attention regarding the detection 
of toxic metal ions.59 Fieldwork analysis conditions are suited to a chemosensor 
where storage, time and cost-efficiency is involved. Interactions between host and 
guest are fast and consume low energy therefore, this basic qualitative test is 
remarkable for metal detection.59, 62, 69  
With the expeditious progress of agriculture and modern industries, the 
situation of environmental contamination by heavy metals and transition metals is 
becoming more severe. While some have valuable and imperative effects, the 
toxicity of some is of high concern. Among the cations, mercury is one of the most 
hazardous pollutants which currently survives in many fields with its contamination 
existing wide-spread.71 Even at a low concentration, mercury causes great damage 
to the nervous system of human beings. Once mercury enters into the body, it is 
extremely difficult to remove. High levels of mercury exposure introduces serious 
damage to the brain, kidneys and endocrine system.72  
On the contrary, low levels of manganese is essential for the human body as 
involved in many chemical processes such as, bone formation, tissue connectivity, 
carbohydrates and proteins.73 Nevertheless, chronic exposure to high levels of 
manganese throughout inhalation causes serious neurological effects such as 
stiffness of muscles and impaired eye-hand coordination. Therefore, the need of a 
highly selective and sensitive portable colorimetric chemosensor to detect metal 
ions, is in high demand.  
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 Strategy of Chemosensor Studies  1.7
 
In this paper, following the structural and metal coordination investigation of 
chosen supramolecular material, the research is then based on the determination of 
chemosensor properties. This is initially prepared by testing the interaction between 
the supramolecular material and selected metal throughout ultraviolet-visible 
spectroscopy (UV-Vis) scans. These scans would then determine which targeted 
metals interact with the selected material, each individual targeted metal then 
undertook a detection of limit study which involved organic ligand and metal 
titrations. Various titration techniques available for choice of method including NMR 
titrations, pH titrations, and UV-Vis titrations. However, this study employed the 
method of UV-Vis titrations as targeted metals in this study are paramagnetic 
therefore, is not suitable to undertake NMR titrations.  
In addition to this, pH titrations are not suitable towards the respective 
metallo-supramolecular architectures as Schiff-base complexes become unstable in 
acidic conditions and reverse the reaction. Therefore, the UV-Vis titrations are 
maintained at 7.0 pH, as these architectures only survive in neutral conditions. 
Importantly, these conditional titrations are fixed with a biological buffer which allows 
these architectures to be highly universal and have a wider range of applications. 
The binding constant measurements produce different results with different pH 
ranges. Therefore, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 
buffer was used to maintain this pH to ensure consistency.74  
Chemosensors which are able to operate in aqueous environments could be 
used to test blood and determine if a human or animal have high concentrations of 
toxic heavy metals present in their bloodstream.75 In addition to this, aqueous 
chemosensors are applicable as a means for rapid analysis in environmental media 
monitoring dissolved metals. To date, some chemosensors are only selective in pure 
organic media and essentially do not function in a fully aqueous environment.59, 62, 69 
This is due to the lack of solubility host and guest units exhibit in aqueous solution. 
As a result, organic solvents are then employed to control reaction conditions and 
dissolve reagents with poor or no solubility in pure aqueous media. However, these 
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chemosensors that are limited to strictly functioning in organic media are restricted 
with possible applications.  
Therefore, the flexibility of self-assembly is promoted to construct host units 
that are capable to function for guest selectivity in a series of conditions. Past 
literature studies show solid state chemosensors which detect for gaseous guest 
species. However, due to the nature and aim of this thesis, a soluble chemosensor 
that functions in an aqueous environment is the motive. Hence, the UV-Vis studies 
undertaken in this thesis comprise of a 1:1 MeOH to H2O solvent mixture to ensure 
sensitivity in an aqueous media. This was also used to ensure consistency of 
protocol throughout all proposed systems.     
Different data sets are gathered from these UV-Vis scans with relative 
analysis undertaken in order to resolve resulting spectra’s and their potentials of 
chemosensor activity. This basic quantitative test is ideally exceptional as 
interactions between host and guest have a low reaction energy requirement and are 
usually rapid. Therefore, chemosensory tests can be promptly performed without the 
use of expensive, bulky instrumentation. 
 The proposed supramolecular architectures used in 1.8
this study  
 
A variety of fields benefit from host-guest metallo-supramolecular systems 
some of which include, synthetic selective ion-channels, spin-crossover switches,76 
cancer fighting drug-delivery systems and optical chemosensors. With the rapid 
expansion of host-guest chemistry, analyte-responsive host/dye systems77 have 
been extensively studied with the aim of assembling highly selective and sensitive 
chemosensors. To date, salicylaldehyde is a key precursor to a vast range of 
chelating agents, many of which are commercially important. Salicylaldehyde is 
weakly fluorescent in its neutral form but, exhibits strong fluorescence in its deprotonated 
form.78, 79  Four proposed ligands are explored throughout this thesis, three of which, 
contain salicylaldehyde moiety. Therefore, the design of these three ligands were 
inspired by these excellent optical properties exhibited by salicyaldehyde (Fig. 1.10). 
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Figure 1.10: Organic compound 2-hydroxybenzaldehyde, (salicylaldehye).78 
 
In addition to this, a thiosemicarbazone derivative is recognised as an 
important class of sulphur donor ligands especially for transition metal ions due to 
their complexing ability, as well as, extensive biological activities. 
Thiosemicarbazones belong to a large group of thiourea derivatives where biological 
activities are a function of parent aldehyde or ketone moiety.80 Also, the sulphur 
moiety has been proven to show substantial coordination ability toward transition 
metal ions therefore, thiosemicarbazone Schiff-bases have an enormous potential in 
metal ions detection.81 Therefore, these properties inspired the design of the ligands 
employed in this thesis that contain such moiety.   
Due to the widespread variety of host-guest coordination arrangements within 
metallo-supramolecular systems, it is promising to design and synthesise novel 
architectures with a variety of applications. As shown in current literature, the 
imidazole derivative exhibits effective metal ion sensing abilities. Figure 1.11 shows 
a colorimetric chemosensor designed by Son et al. with the imidazole derivative, 
detecting both fluoride and cyanide ions with absorption change in intensity.82 
Therefore, in this study, cation-sensing investigation was undertaken by designing 
new ligand with imidazole derivative. Finally, this thesis introduces a completely new 
ligand that has been designed with a salicylaldehyde derivative due to its optical 
properties mentioned above.    
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Figure 1.11: Synthetic procedure of Son et al. F- and CN- colorimetric chemosensor.82 
 Aim and Scope  1.9
 
The primary aim of this thesis is to design and synthesise four ligands then to 
construct metallo-supramolecular systems by coordinating a host ligand and guest 
metal ion to create a coordination complex. This study then aims to characterise 
each constructed compound accordingly to respective properties in order to 
elucidate molecular structures. This thesis also aims to investigate unique properties 
of these ligands with applications to chemosensors.   
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Figure 1.12: Flow chart illustrating scheme of this study, highlighting methods and 
characterisation techniques to respective aims. 
 
This current chapter introduces the field of supramolecular chemistry detailing 
the crucial elements of the various concepts presented in the field. This introduction 
flows with the concepts investigated throughout the text, respectively. The 
composition and design of the chosen ligands investigated in this study are 
presented alongside, the choice of certain methods chosen and the effectiveness of 
these techniques (Fig. 1.12) 
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In Chapter 2, four ligands and two new Schiff-base metal complexes are 
illustrated with detailed synthesis methods. An introduction to the various 
characterisation techniques undertaken, to investigate the structure and properties of 
these ligands and their respective complexes. 
In chapter 3, each respective ligand as are studied as receptors for different 
metal ions in solution. Various studies undertaken include, full metal scans via UV-
Vis, detection of limit studies, competing metal ion studies, binding constant studies 
as well as, job plots studies. The aim of this chapter is to determine chemosensory 
properties of each ligand. One new ligand has been selected as a potential 
chemosensor for Cu2+. 
Chapter 4 address the conclusions gathered from this thesis. Reports about 
future directions and studies are also discussed.    
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CHAPTER 2: 
SYNTHESIS AND 
CHARACTERISATION 
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Chapter 2 -Synthesis and Characterisation 
 Materials 2.1
 
An extensive range of chemical reagents and solvents were used to create 
the supramolecular materials presented in this thesis. All chemicals and reagents 
were purchased from commercial sources and used without further purification. 
Chemical names, CAS numbers, and suppliers are shown in Table 2.1. 
Table 2.1: Chemical materials used throughout experimental work. 
Chemical name/formula CAS number Supplier Grade (%) 
Organic Reagents 
2-Aminopyridine 504-29-0 Alfa Aesar 99 
5-Bromosalicylaldehyde 1761-61-1 Sigma-Aldrich 98 
Thiosemicarbazide 79-19-6 Sigma-Aldrich 99 
4-
Diethylaminosalicylaldehyde 
17754-90-4 Alfa Aesar 99 
p-Toluenesulfonic acid 104-15-4 Alfa Aesar 98 
4-Imidazolecarboxaldehyde 3034-50-2 Sigma-Aldrich 98 
HEPES buffer (1M) 7365-45-9 Sigma-Aldrich 99.5 
Inorganic Salts 
NaOH 1310-73-2 Ajax 
Finechem 
97 
NaCl 7647-14-5 Ajax Finechem 99.5 
KCl 7447-40-7 Chem Supply 99 
CaCl2 10043-52-4 APS 98 
CrCl3 10025-73-7 Ajax Finechem 99 
MnCl2 7773-01-5 Sigma-Aldrich 97 
FeCl3 7705-08-0 Alfa Aesar 98 
CoCl2 7646-79-9 Alfa Aesar 97 
NiCl2 7718-54-9 Ajax Finechem 98 
CuCl2 7447-39-4 Alfa Aesar 98 
ZnCl2 7733-02-0 Sigma-Aldrich 98 
BaCl2 10361-37-2 Sigma-Aldrich 99 
Pb(NO3)2 10099-74-8 Alfa Aesar 99 
Mn(OAc)2
.
 4H2O 6156-78-1 Sigma-Aldrich 99 
Fe(ClO)4. 6H2O 15201-61-3 Alfa Aesar 99 
Solvents 
Acetone 67-64-1 VWR 
Chemicals 
99.8 
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Acetonitrile 75-05-8 VWR 
Chemicals 
99.9 
Dichloromethane 75-09-2 VWR 
Chemicals 
99.5 
Diethyl Ether 60-29-7 VWR 
Chemicals 
99.7 
Diisopropyl Ether 108-20-3 VWR 
Chemicals 
99 
Ethanol absolute 64-17-5 VWR 
Chemicals 
99.8 
Methanol 67-56-1 VWR 
Chemicals 
99.8 
 Strategy of Experimental Work 2.2
 
Stepwise construction was undertaken throughout this project in order to 
obtain the final desired product. The first step involved ligand synthesis between two 
organic reagents, secondly, host-guest interactions promoted coordination between 
the ligand and various metal ions constructing metal-directed supramolecular 
architectures. On the other hand, analysis techniques were conducted using a 
multiplatform method, which were dependent on two main categories, structural 
elucidation and material properties. 
 
 Synthesis of Ligand HL1  2.2.1
 
Figure 2.1: HL1 Directed self-assembly reaction between 2-aminopyridine and 5-
bromosalicylaldehyde. 
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HL1 was synthesised via a 1:1 reaction between 2-aminopyridine and 5-
bromosalicylaldehyde. 600 mg (6.38 mmol) of 2-aminopyridine was dissolved in 15 
mL of ethanol. To this solution, 1281 mg (6.32 mmol) of 5-bromosalicylaldehyde in a 
15 mL ethanolic solution was added dropwise and allowed to stir. A few milligrams of 
p-toluenesulfonic acid was added. The reaction mixture was heated under reflux for 
10 hours under a nitrogen atmosphere. Once reflux was completed, the orange 
coloured solution was left to cool to room temperature where fine needle orange 
single crystals were observed to form in solution. This solution was left to cool in the 
freezer after settling to room temperature. Following this, a cold filtration of the 
solution was completed. The final needle-like orange single crystals were obtained 
(yield 68.5%). These crystals were then examined throughout, various 
characterisations were employed for structural determination. Additionally, these 
crystals were used to create a ligand stock solution without any further purification. 
1H NMR (CDCl
3
, 400 MHz) δ (ppm) 13.48 (s, 1H), 9.39 (s, 1H), 8.51 (s, 1H),  7.79 (s, 
1H), 7.61 (s, 1H), 7.46 (s, 1H), 7.33 (s, 1H), 7.32 (s, 1H), 7.26 (s, 1H), 6.94 (s, 1H), 
1.56 (s, 1H); 13C NMR (CDCl
3
, 75.5 MHz) δ (ppm) 163.46, 160, 157.07, 149.09, 
138.57, 136.39, 135.29, 123.00, 120.61, 119.31, 110.63, 77.33. (-CH3). ESI-MS 
(negative-ion detection, CH3OH/H2O): [HL
1]-  m/z = 277.1082.  FT-IR ATR νmax /cm
-1: 
2996, 1608. 
 
 Synthesis of Ligand H2L2 2.2.2
 
 
Figure 2.2: H2L
2
 Directed self-assembly reaction between thiosemicarbazide and 5-
bromosalicylaldehyde. 
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H2L
2
 was synthesised through a 1:1 reaction between thiosemicarbazide and 
5-bromosalicylaldehyde. 907 mg (9.92 mmol) of thiosemicarbazide was dissolved in 
20 mL of EtOH. To this solution, 2,000 mg (9.95 mmol) of 5-bromosalicylaldehyde 
also dissolved in 25 mL of EtOH was added dropwise and allowed to stir. To 
optimise the reaction, a few milligrams of p-toluenesulfonic acid was added The 
reaction mixture was heated under reflux for 14 hours under a nitrogen atmosphere. 
Once reflux was completed, the cloudy off-white coloured solution was left to cool to 
room temperature where a crystalline powder. This solution was left to cool in the 
freezer after settling to room temperature. Following this, a cold filtration of the 
solution was completed. 
An opaque crystalline powder was obtained (80.7% yield). This crystalline 
powder was then dissolved in methanol and re-crystallised via slow evaporation. 
These crystals were then examined throughout, various characterisations were used 
for structural determination. Additionally, these crystals were used to create a ligand 
stock solution without any further purification. 1H NMR (DMSO 400 MHz) δ (ppm) 
11.41 (s, 1H), 10.25 (s,  1H), 8.30 (s, 1H),  8.19 (d, 3H), 7.33 (d, 1H), 6.83 (d, 1H), 
3.44 (s, 1H), 2.50 (s, 1H). 13C NMR (DMSO, 75.5 MHz) δ (ppm)  178.29, 156.01, 
137.85, 133.69, 128.76, 123.31, 118.60, 111.50, 40.53. ESI-MS (negative-ion 
detection, CH3OH/H2O): [HL2m/z = 274.0793. FT-IR ATR νmax /cm
-1 3241, 2994, 
1608. 
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 Synthesis of Ligand H2L3 2.2.3
 
Figure 2.3: H2L
3 Directed self-assembly reaction between thiosemicarbazide and 4-
diethylaminosalicylaldehyde. 
 
H2L
3
 was synthesised via a 1:1 reaction between thiosemicarbazide and 4-
diethylaminosalicylaldehyde. 1,000 mg (5.18 mmol) of 4-diethylaminosalicylaldehyde 
was dissolved in 20 mL of EtOH. To this solution, 472 mg (5.19 mmol) of 
thiosemicarbazide in a 20mL ethanolic solution was added dropwise and allowed to 
stir. A few milligrams of p-toluenesulfonic acid was added. The reaction mixture was 
heated under reflux for 12 hours under a nitrogen atmosphere. Once reflux was 
completed, a light yellow coloured powder began to form. This was left to cool in 
10oC after settling to room temperature, this was then chilled in a freezer. Following 
this, a cold filtration of the solution was completed. Following this, a cold filtration of 
the solution was completed, a yellow powder was obtained (90.2% yield). 
This powder was then dissolved in methanol and re-crystallised via slow 
evaporation. These crystals were then examined by various characterisations for 
structural determination. Also, the fine powder was used to construct a metal-
directed supramolecular system between the ligand and Mn(II) which was further 
characterised for structural determination. Additionally, these crystals were used to 
create a ligand stock solution without any further purification. 1H NMR (DMSO 400 
MHz) δ (ppm) 11.08 (s, 1H), 9.50 (s,  1H), 8.19(s, 1H),  7.87 (t, 1H), 6.16 (d, 1H), 
3.38 (d, 4H), 2.50 (s, 1H), 1.09 (s, 6H). 13C NMR (DMSO, 75.5 MHz) δ (ppm)  
176.86, 158.60, 150.54, 142.87, 129.48, 107.81, 104.43, 97.73, 44.28, 40.58, 13.01. 
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ESI-MS (negative-ion detection, CH3OH/H2O): [H2L
3]- m/z = 265.2473. FT-IR ATR 
νmax /cm
-1 3297, 2922, 1626. 
 
 Synthesis of [Mn2L2] 2.2.4
 
The formation of the metallo-supramolecular complex was achieved via 
subcomponent self-assembly, forming the ligand H2L
3
 first via the use of simple 
building blocks. The complexation reaction was then achieved through the direct 
addition of the metal salt to the stirring solution. First, 200mg (0.75 mmol) of H2L
3
 
was dissolved in 15mL of methanol. To the stirring solution of H2L
3, 60mg (1.5 mmol) 
of sodium hydroxide in 10mL methanol was added. A methanolic solution of a 
100mg of Manganese (II) acetate 6-hydrate was added dropwise to the deprotonated 
L solution. The resulting dark brown solution was left to stir at 90
oC for 3 hours. Upon 
hot filtration, a small amount of brown precipitate was obtained. The brown 
powdered precipitate was then dissolved in dichloromethane and left to slowly 
evaporate yielding dark brown X-Ray quality crystals. However, under reaction 
conditions, a new complex has been formed throughout the formation of sulphur 
bridges. Futher discussion is illustrated in section 2.5.3. FT-IR ATR νmax /cm
-1 3347, 
1605. 
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 Synthesis of Ligand HL4 2.2.5
 
 
Figure 2.4: HL4 Directed self-assembly reaction between thiosemicarbazide and 4- 
imidazolecarboxaldehyde. 
 
HL4 was synthesised via a 1:1 reaction between thiosemicarbazide and 4-
imidazolecarboxaldehyde. 948 mg (10.40 mmol) thiosemicarbazide of was dissolved 
in 20 mL of ethanol. To this solution, 1,000 mg of 4-imidazolecarboxaldehyde (10.40 
mmol) in a 20mL ethanolic solution was added dropwise and allowed to stir. A few 
milligrams of p-toluenesulfonic acid were added to this mixture as a means of 
catalysing the reaction. The reaction mixture was heated under reflux for 12 hours 
under a nitrogen atmosphere. Once reflux was completed, in a cloudy opaque 
solution, an opaque crystalline precipitate began to form. This was left to cool in the 
freezer after settling to room temperature. Following this, a cold filtration of the 
solution was conducted, a light yellow coloured powder was obtained (83% yield). 
This powder was then dissolved in methanol and was stored to allow the 
methanol to evaporate slowly, in this instance, crystals formed in solution. These 
crystals were used in order to conduct various characterisations for structural 
determination. Also, the fine powder was used to construct a metal-directed 
supramolecular system between the ligand and Fe(III) which was further 
characterised for structural determination. Additionally, these crystals were used to 
create a ligand stock solution without any further purification. 1H NMR (DMSO 400 
MHz) δ (ppm) 13.04 (s, 1H), 8.21 (q, 1H), 8.04 (s, 1H),  7.96 (s, 1H), 7.84 (s, 1H), 
7.70 (s, 1H), 7.23 (s, 1H). 13C NMR (DMSO, 75.5 MHz) δ (ppm) 178.33, 137.04, 
135.97, 131.54, 122.04, 40.59. ESI-MS (negative-ion detection, CH3OH/H2O): [HL
4]- 
m/z = 167.9981. FT-IR ATR νmax /cm
-1 3255, 2947, 1598. 
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 Synthesis of [Fe(L4)2]Cl 2.2.6
 
The formation of the metallo-supramolecular complex was achieved 
throughout subcomponent self-assembly, forming the ligand HL4 first via the use of 
simple building blocks. The complexation reaction was then achieved by the direct 
addition of the metal salt to the stirring solution. First, 200mg (1.18 mmol) of HL4 was 
dissolved in 15mL of acetonitrile. To the stirring solution of HL4, 48mg (1.2 mmol) of 
sodium hydroxide in 10mL acetonitrile was added. To the stirring solution of 
deprotonated L4, 270mg (0.99 mmol) of Iron Perchlorate 6-Hydrate also dissolved in 
acetonitrile was added dropwise. The resulting dark green solution was left to stir at 
90oC for 3 hours. Upon hot filtration, a small amount of dark green precipitate was 
obtained. The solvent from the remaining filtrate was left to slowly evaporate yielding 
dark green X-Ray quality crystals. ESI-MS (positive-ion detection, CH3OH/H2O): m/z 
= 391.8290. FT-IR ATR νmax /cm
-1 3285, 1612. 
 
 Instrumental 2.3
 
 Nuclear Magnetic Resonance (NMR) 2.3.1
 
Nuclear magnetic resonance (NMR) spectroscopy was conducted by 
dissolving crystalline powder samples of H2L
2, H2L
3, HL4 in DMSO-d6 and crystal 
sample HL1 in CDCl3. The experiments conducted on all ligands included 
1H and 13C 
NMR. In addition to this, a Correlation Spectroscopy (COSY) and Heteronuclear 
Multiquantum Coherence (HMQC) experiment was also undertaken. A COSY 
experiment illustrates correlations between protons that are coupled to each other. 
Also, HMQC illustrates the correlation between proton and carbon signals using 
either one bond or longer ranges couplings.  
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 Spray Ionisation – Mass Spectrometry (ESI-MS) 2.3.2
 
High-Resolution Electron Spray Ionisation – Mass Spectrometry (HR ESI-MS) 
is an analytical technique that ionizes chemical species and classes the ions based 
on their mass-to-charge (m/z) ratio. This widespread technique is used in an 
extensive range of fields and is applied to pure samples, as well as, complex 
mixtures. A mass spectrum is a plot of the ion signal as a function of the mass-to-
charge ratio. These spectra are used to determine the elemental or isotopic 
signature of a sample, the masses of particles and of molecules. Additionally, the 
resulting spectra elucidate the chemical structures of molecules. 
HR ESI-MS was conducted at WSU, Campbelltown on a Waters Acquity 
UPLC coupled to a Waters Xevo Triple Quadrupole Mass Spectrometer. A crystal or 
powdered sample was diluted in methanol. Following the preparation of the liquefied 
sample, the solution was passed through a glass syringe and ionized via ESI. The 
sample analysis of crystalline ligands and complexes were reported in negative and 
positive ESI mode. 
 
 Scanning Electron Microscope – Energy 2.3.3
Dispersive Spectroscopy (SEM-EDS) 
 
Scanning Electron Microscope – Energy Dispersive Spectroscopy (SEM-EDS) 
was method to determing bulk crystal quality berfore X-Ray Diffraction was 
undertaken. EDS  was also utilised to determine if a sample was either homogenous 
or a constituted of multiple products and by-products such as any contaminants. In 
addition to this, SEM provided high resolution micrographs of the respective products 
were all captured at x100, followed by a second capture shot between a range of 
x200-x500. 
All SEM-EDS samples analysed were treated under the same conditions. 
Aluminium samples stages with carbon tabs were used to mount and secure 
samples. These stages were placed into a Jeol JSM 6510LV with a silicon drift EDS 
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detector. The microscope was operated in low vacuum mode with a chamber 
pressure of 60 Pa. Accelerating voltage was set to 25kV and a spot size of 60UNIT 
was utilised. EDS was calibrated using a known copper standard, and EDS analysis 
was conducted for 100 seconds. 
 
 Fourier Transform Infrared Spectrometry (FT-IR) 2.3.4
 
A Fourier Transform Infrared Spectrometer (FT-IR) simultaneously gathers 
spectral resolution data over a wide spectral range, this is used as an effective tool 
for rapid analysis to determine the presence of particular functional groups. The 
presence or absence of any functional groups offers preliminary information towards 
the molecular structure of ligands and complexes. The crystalline powders of HL1, 
H2L
2, H2L
3, HL4, [Mn2L2] and [Fe(L
4)2]Cl were individually placed into a diamond 
crystal and compressed for each run. The FT-IR instrument used was a Bruker 
Tensor 27 matched to OPTUS 7.5 software. All samples were run under identical 
parameters where series of eight scans were conducted for each sample, 
background corrections were also utilised.  
 
 Single Crystal X-Ray Diffraction (SXRD) 2.3.5
 
Single crystal X-ray diffraction (SXRD) was undertaken at the Australian 
Synchrotron in Melbourne on beamlines MX1. The flux of these synchrotron beams 
are extremely powerful, producing high resolution scans in approximately 15 minutes 
whereas, a home source SXRD usually consumes approximately 8 hours per crystal 
structure for a full sphere collection. 
Crystal structures were obtained only on experimental synthesis that yielded 
crystalline samples of a sufficient size. A number of requirements are necessary for 
single crystal measurement. Firstly, the crystal must be a single crystal meaning, one 
repeating crystal lattice makes up the one crystal particle. When multiple single 
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crystals pack on top of one another, this produces twinning thus, more than one 
lattice. This is known as a crystal that has formed ‘twinning’ and produces unusable 
data as it is not representative of one crystal. 
Additionally, the single crystal must be in pristine condition meaning no pitted 
or cracked crystals are eligible for usable data. As solvent evaporates from within the 
crystal lattice, it destabilises the structure which usually causes the crystal to crack 
or form an unwanted pit. 
Furthermore, in order to prevent damaging the crystal, crystals were either 
immersed in solution, oil and/or kept in a cool environment below solvent 
evaporating point at all times in order to ensure the crystal structure did not 
destabilise. Finally, the single crystal must remain stable throughout the extensive 
time between synthesis and arriving to the synchrotron, which can last up to 2 
months. Moreover, radiation damage from the synchrotron beam is capable of 
causing damage to the crystal therefore, no diffraction patterns will be exhibited 
hence, stability of the crystal is crucial to ensure survival throughout radiation. 
At the Australian Synchrotron, a stepwise procedure was undertaken by Dr. 
Li’s group to ensure the crystallography data would be established with the best 
possible outcome. Crystal samples were initially handled by being removed with a 
pipette. Once captured, the crystals were transferred to a glass slide and 
immediately mixed into immersion oil. The immersion oil allowed for the crystal to be 
sheltered as the solvent evaporation would then be minimised with the oil protection. 
An ideal crystal was then selected and transferred onto a mounting stub. Following 
this, the mount was then fixed on the SXRD cryo jet which was used for further 
protection of the crystal as it cools to 100 K hence, further reducing solvent 
evaporation. Each individual crystal run was customised accordingly to ensure the 
data being obtained was accurate therefore, scan parameters differed between all 
samples. In addition to this, beam attenuation also varied between samples. Beam 
attenuation was effective between sample runs as it reduces beam intensity 
travelling directly to the crystal which further prevents radiation damage, as well as, 
overflow peaks. 
The Australian Synchrotron uses a 1 circle rotation axis with a 1 second 
collection time at each 1-degree step was utilised across most samples, these 
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parameters varied if the diffractive strength of a particular crystal was either 
significantly higher or lower than the average crystal. 
The single crystal X-ray data of respective ligands HL1, H2L
2, HL4 and 
complexes [Mn2L2] and [Fe(L
4)2]Cl were collected at the MX1 beamline of the 
Australian Synchrotron with Silicon Double Crystal monochromated radiation at 
100(2)K. Data integration and reduction were undertaken with XDS. An empirical 
absorption correction was then implemented using SADABS at the Australian 
Synchrotron. Also, the structures were solved by direct methods and the full-matrix 
least-squares refinements were applied using a suite of SHELX programs via Olex2 
interface. All non-hydrogen atoms were located from the electron density maps and 
refined anisotropically. Hydrogen atoms bound to carbon atoms were added in the 
correct positions and refined using a riding model. 
All programs are fully licenced at the Australian Synchrotron therefore, data 
processing were completed on the programs installed on the Synchrotron computer. 
Finally, the crystallography program known as ‘Mercury’ was used on a home source 
computer for post synchrotron structural observation and image processing.  
 
 Powder X-ray Diffraction (PXRD) 2.3.6
 
Powder X-ray diffraction (PXRD) was undertaken at WSU Parramatta campus 
on a Bruker D8 Advance X-ray diffractometer. To prepare sample slides for PXRD 
analysis, the synthesised material was lightly grounded using a mortar and pestle 
which was then transferred onto the PXRD slide. PXRD parameters were kept 
constant across all samples. A scan range of 5-55° 2-Theta, with a step size of 0.015 
and a step time of 3 seconds. These scans were conducted at room temperature 
with atmospheric conditions. 
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 Results and Discussion 2.4
 
Nuclear magnetic resonance (NMR) spectroscopy was conducted on 
crystalline powder samples of H2L
2, H2L
3, HL4 and crystal sample HL1. The 
experiments conducted on all ligands included 
1H and 13C NMR. In addition to this, a 
Correlation Spectroscopy (COSY) and Heteronuclear Multiquantum Coherence 
(HMQC) experiment was also undertaken. COSY and HMQC spectras can be found 
in appendix A. These spectras were analysed in correlation with 1H and 13C NMR to 
confirm molecular structures.  
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 NMR spectrum of HL1, H2L2, H2L3, HL4 2.4.1
 
 
Figure 2.5: 1H NMR 400 MHz spectrum of HL1 in CDCl3. 
 
NMR analysis 1H spectrum of HL1 in CDCl3. 
(CDCl
3
, 400 MHz) δ (ppm) 13.48 (s, 1H), 9.39 (s, 1H), 8.51 (s, 1H),  7.79 (s, 1H), 
7.61 (s, 1H), 7.46 (s, 1H), 7.33 (s, 1H), 7.32 (s, 1H), 7.26 (s, 1H), 6.94 (s, 1H), 1.56 
(s, 1H). 
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Figure 2.6: 13C NMR 75.5 MHz spectrum of ligand HL1 in CDCl3. 
 
NMR analysis 13C spectrum of HL1 in CDCl3. 
13C NMR (CDCl
3
, 75.5 MHz) δ (ppm) 163.46, 160, 157.07, 149.09, 138.57, 136.39, 
135.29, 123.00, 120.61, 119.31, 110.63, 77.33. 
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Figure 2.7: 1H NMR 400 MHz spectrum of ligand H2L
2 in DMSO. 
 
NMR analysis 1H spectrum of H2L
2 in DMSO. 
1H NMR (DMSO 400 MHz) δ (ppm) 11.41 (s, 1H), 10.25 (s,  1H), 8.30 (s, 1H),  8.19 
(d, 3H), 7.33 (d, 1H), 6.83 (d, 1H), 3.44 (s, 1H), 2.50 (s, 1H). 
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Figure 2.8: 13C NMR 75.5 MHz spectrum of ligand H2L
2 in DMSO. 
 
NMR analysis 13C spectrum of H2L
2 in DMSO 
13C NMR (DMSO, 75.5 MHz) δ (ppm)  178.29, 156.01, 137.85, 133.69, 128.76, 
123.31, 118.60, 111.50, 40.53. 
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Figure 2.9: 1H NMR 400 MHz spectrum of ligand H2L
3 in DMSO. 
 
NMR analysis 1H spectrum of H2L
3 in DMSO. 
1H NMR (DMSO 400 MHz) δ (ppm) 11.08 (s, 1H), 9.50 (s,  1H), 8.19(s, 1H),  7.87 (t, 
1H), 6.16 (d, 1H), 3.38 (d, 4H), 2.50 (s, 1H), 1.09 (s, 6H). 
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Figure 2.10: 13C NMR 75.5 MHz spectrum of ligand H2L
3 in DMSO. 
 
NMR analysis 13C spectrum of H2L
3 in DMSO. 
13C NMR (DMSO, 75.5 MHz) δ (ppm)  176.86, 158.60, 150.54, 142.87, 129.48, 
107.81, 104.43, 97.73, 44.28, 40.58, 13.01. 
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Figure 2.11: 1H NMR 75.5 MHz spectrum of ligand HL4 in DMSO. 
 
NMR analysis 1H spectrum of H2L
4 in DMSO. 
1H NMR (DMSO 75.5 MHz) δ (ppm) 13.04 (s, 1H), 8.21 (q, 1H), 8.04 (s, 1H),  7.96 
(s, 1H), 7.84 (s, 1H), 7.70 (s, 1H), 7.23 (s, 1H). 
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Figure 2.12: 13C NMR 75.5 MHz spectrum of ligand HL4 in DMSO. 
 
NMR analysis 13C spectrum of H2L
4 in DMSO. 
13C NMR (DMSO, 75.5 MHz) δ (ppm) 178.33, 137.04, 135.97, 131.54, 122.04, 
40.59. 
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 ESI-MS of HL1, H2L2, H2L3, HL4, [Fe(L4)2]Cl 2.4.2
 
ESI-MS analysis was conducted on HL1, H2L
2, H2L
3, HL4 The scans obtained 
from ESI-MS analyses are provided in Appendix x. Shown below is a description of 
the major peaks found in each proposed structure, as well as their agreement with 
theoretically calculated value.  
HL1  
[HL1]- was shown to exist in solution via means of HR ESI-MS, this is 
evidenced by the mass-to-charge ratio (m/z) calculated value (277.1082). The 
experimentally calculated value for [HL1]- is in excellent agreement with the 
theoretically calculated value (276.9820). 
[H2L
2]-  
[HL2]- was shown to exist in solution via means of HR ESI-MS, this is 
evidenced by the mass-to-charge ratio (m/z) calculated value (274.0793). The 
experimentally calculated value for [HL2]- is in excellent agreement with the 
theoretically calculated value (275.9650). 
H2L
3 
[HL3]-, was shown to exist in solution via means of HR ESI-MS, this is 
evidenced by the mass-to-charge ratio (m/z) calculated value (265.2473). The 
experimentally calculated value for [HL3]- is in excellent agreement with the 
theoretically calculated value (265.1123). 
HL4 
[L4]- was shown to exist in solution via means of HR ESI-MS, this is evidenced 
by the mass-to-charge ratio (m/z) calculated value (167.9981). The experimentally 
calculated value for [L4]- is in excellent agreement with the theoretically calculated 
value (170.0500). 
[Fe(L4)2]Cl 
[FeL4]+ was shown to exist in solution via means of HR ESI-MS, this is 
evidenced by the mass-to-charge ratio [FeL4]+ (m/z) calculated value (391.8290). 
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The experimentally calculated value for [Fe(L4)2]Cl is in excellent agreement with the 
theoretically calculated value (392.0257). The [FeL4]+ m/z ratio is indicative of a 2:1 
ligand-to-metal (L:M) ratio. 
 
 Scanning Electron Microscopy – Electronic 2.4.3
Dispersive X-Ray Spectroscopy 
 
SEM micrographs (fig. 2.13-2.24) indicated that HL1, H2L
2, H2L
3, HL4, [Mn2L2], 
[Fe(L4)2]Cl  are formed in crystals. In addition to this, SEM-EDS analysis confirmed 
the presence of all elements listed in table 2.2. All EDS spectras are found in 
appendix C.  
Table 2.2: Respective elements found by SEM-EDS analysis. 
Structure 
Identification 
Molecular Structure Elements found by 
SEM-EDS analysis 
HL1 
 
C, N, O, Br 
H2L
2 
 
C, N, O, Br, S 
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H2L
3 
 
 
C, N, O, S 
 
 
[Mn2L2] 
 
 
C, N, O, S, Mn 
 
HL4 
 
C, N, S 
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[Fe(L4)2]Cl 
 
 
C, N, O, S, Cl, Fe 
 
 
 
Figure 2.13. x100 magnification backscattered SEM micrograph of HL1. 
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Figure 2.14. x300 magnification backscattered SEM micrograph of HL1. 
 
Figure 2.15. x100 magnification backscattered SEM micrograph of H2L
2. 
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Figure 2.16. x500 magnification backscattered SEM micrograph of H2L
2. 
      
Figure 2.17. x100 magnification backscattered SEM micrograph of H2L
3. 
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Figure 2.18. x500 magnification backscattered SEM micrograph of H2L
3. 
      
Figure 2.19. [Mn2L2] x100 magnification backscattered SEM micrograph. 
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Figure 2.20. [Mn2L2] x300 magnification backscattered SEM micrograph. 
 
 
 
Figure 2.21. x300 magnification backscattered SEM micrograph of HL4. 
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Figure 2.22. x100 magnification backscattered SEM micrograph of HL4. 
     
Figure 2.23.[Fe(L4)2]Cl x100 magnification backscattered SEM micrograph. 
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Figure 2.24.[Fe(L4)2]Cl x500 magnification backscattered SEM micrograph. 
 
  Bonding arrangements of respective structures 2.4.4
using FT-IR 
 
FT-IR spectrum for HL1, H2L
2, H2L
3 and HL4 were all recorded at room 
temperature and is shown in appendix D. The FT-IR spectra obtained for HL1, H2L
2, 
H2L
3 and HL4 are all in agreeance with each other with respect to observed imine 
vibrational stretches. The spectra for HL1, H2L
2, H2L
3 and HL4 show absorptions in 
the region 1650-1550 cm-1 that are typical for imine (C=N) stretching modes, 
indicative of the success of the Schiff-base reaction. Similarly, the vibrational 
stretches observed in the region 3000-2900 cm-1 in H2L
2, H2L
3 and HL4 are 
characteristic of N-H secondary alkyl stretches and can be attributed to secondary 
amines in all ligands. Furthermore, the spectra obtained for H2L
2 and H2L
3 show 
absorptions in the region 3500-3000 cm-1 this can be attributed to (O-H) stretching 
modes of the present alcohol functional moieties in each ligand.  
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IR spectra obtained for complexes [Mn2L2] and [Fe(L4)2]Cl] shows indicative 
vibrational stretching in the region 3500-3000 cm-1 indicative of (O-H) stretching 
modes and can be attributed to the alcohol functional moiety. Additionally the 
stretching modes observed in the region 1650-1600 cm-1 are attributable to the 
(C=N) and are indicative of the imine functional moiety.  
 
 Crystal analysis of HL1, H2L2, H2L3, HL4, [Mn2L2] and 2.5
[Fe(L4)2]Cl by S-XRD and PXRD 
 
Single crystal analysis was used to measure crystals that were able to grow. 
Further coordinative complexes containing a range of transition metal ions were 
attempted, but unsuccessful. Bulk samples were measured via PXRD and were 
compared to simulated powder patterns generated using Mercury 7.5 and single 
crystal data. Replicate PXRD scans along with peak locations (2 θ) can be found 
appendix F. 
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 The crystal analysis of HL1 2.5.1
 
The compound HL1 crystallised in the triclinic space group P-1. Structure was 
stabilised in solid state with hydrogen bonding from phenolic oxygen to Namine is 
evidenced by bond length 1.970. This confirms the structure is as predicted in solid 
state. The structure shown below was modelled on Mercury using SXRD data from 
beamline MX1 of the Australian Synchrotron. 
 
Figure 2.25. Molecular structure of HL1 as confirmed by SXRD analysis.  
Grey = Carbon, Blue = Nitrogen, Red = Oxygen, White = Hydrogen, Bronze = Bromine. 
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Table 2.3: Crystallographic data and refinement details for HL1. 
Parameter HL
1
 
Empirical formula C12H9BrN2O 
Temperature/K 100 (2) 
Crystal system Triclinic 
Space group P-1 
a/Å 8.0500(16) 
b/Å 8.3880(17) 
c/Å 17.385(4) 
α/° 89.95(3) 
β/° 89.93(3) 
γ/° 65.93(3) 
Volume/Å
3
 1071.8(5) 
Z 4 
ρcalcg/cm
3
 0.8586 
μ/mm-1 1.906 
F(000) 275.6 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 2.34 to 52.72 
Index ranges -12 ≤ h ≤ 12, -11 ≤ k ≤ 11, -25 ≤ l ≤ 25 
Reflections collected 17949 
Independent reflections 4038 [Rint = 0.1823, Rsigma = 0.1909] 
Data/restraints/parameters 4038/0/146 
Goodness-of-fit on F
2
 4.423 
Final R indexes [I>=2σ (I)] R1 = 0.8169, wR2 = 0.9379 
Final R indexes [all data] R1 = 0.8205, wR2 = 0.9543 
Largest diff. peak/hole / e Å
-3
 345.91/-38.00 
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Figure 2.26. (A) Measured PXRD patterns of HL1  
(B) Simulated PXRD patterns calculated from HL1 single crystal data. 
 
As shown in figure 2.26, measured PXRD patterns of HL1 are in good 
agreement with the corresponding PXRD patterns calculated from the single crystal 
data, suggesting that single phase materials have been prepared in both cases.   
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 The crystal analysis of H2L2 2.5.2
 
The compound H2L
2 crystallised in the orthorhombic space group P212121. 
This confirms the structure is as predicted in solid state. The structure shown below 
was modelled on Mercury using SXRD data from beamline MX1 of the Australian 
Synchrotron. 
 
Figure 2.27: Molecular structure of H2L
2
 as confirmed by SXRD analysis.  
Grey = Carbon, Blue = Nitrogen, Red = Oxygen, White = Hydrogen, Bronze = Bromine,  
Yellow = Sulphur. 
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Table 2.4: Crystallographic data and refinement details for H2L
2. 
Parameter H2L
2
 
Empirical formula C8H8BrN3OS 
Temperature/K 100 (2) 
Crystal system Orthorhombic 
Space group P212121 
a/Å 4.4200(9) 
b/Å 8.3260(17) 
c/Å 27.508(6) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å
3
 1012.3(4) 
Z 4 
ρcalcg/cm
3
 1.799 
μ/mm-1 4.236 
F(000) 544.0 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 2.962 to 56.522 
Index ranges -5 ≤ h ≤ 5, -11 ≤ k ≤ 11, -36 ≤ l ≤ 36 
Reflections collected 15723 
Independent reflections 2500 [Rint = 0.1342, Rsigma = 0.0728] 
Data/restraints/parameters 2500/0/128 
Goodness-of-fit on F
2
 1.014 
Final R indexes [I>=2σ (I)] R1 = 0.0544, wR2 = 0.1380 
Final R indexes [all data] R1 = 0.0572, wR2 = 0.1403 
Largest diff. peak/hole / e Å
-3
 1.71/-0.63 
Flack parameter 0.341(11) 
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Figure 2.28. (A) Measured PXRD patterns of H2L
2  
(B) Simulated PXRD patterns calculated from H2L
2 single crystal data. 
 
As shown in figure 2.28, measured PXRD patterns of H2L
2 are in excellent 
agreement with the corresponding PXRD patterns calculated from the single crystal 
data, suggesting that single phase materials have been prepared in both cases.   
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 The Crystal Analysis of [Mn2L2] 2.5.3
 
The Mn(II) is in a N4O2 coordination sphere consisting of two phenolate 
oxygens, two imines and two secondary nitrogen donor atom. This creates a roughly 
octahedral coordination environment. Interestingly, under these particular conditions, 
the sulphur atoms from two adjacent ligand molecules form a disulphide bridge, 
linking two ligands covalently into one larger hexadentate ligand donor. As such, a 
dinuclear Mn(II) complex is formed, with the octahedral coordination sphere for each 
Mn(II) metal ion formed by two separate larger ligands, with three available donors of 
one of the two arms of one ligand, the other three coming from a second ligand. The 
two oxygen atoms sit cis to one another, forming a dinculear double stranded 
helicate type supramolecular architecture. The structure shown below was modelled 
on Mercury using SXRD data from beamline MX1 of the Australian Synchrotron.    
 
Figure 2.29. Molecular structure of [Mn2L2] as confirmed by SXRD analysis.  
Grey = Carbon, Blue = Nitrogen, Red = Oxygen, White = Hydrogen, Yellow = 
Sulphur. 
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Table 2.5. Crystallographic data and refinement details for [Mn2L2] 
Parameter [Mn2L2] 
Empirical formula C48H58Mn2N16O4S4 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P-1 
a/Å 12.464(3) 
b/Å 18.607(4) 
c/Å 27.013(5) 
α/° 96.83(3) 
β/° 101.34(3) 
γ/° 106.97(3) 
Volume/Å
3
 5770(2) 
Z 4 
ρcalcg/cm
3
 1.389 
μ/mm-1 0.644 
F(000) 2516.0 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 1.566 to 52.744 
Index ranges -15 ≤ h ≤ 15, -23 ≤ k ≤ 23, -33 ≤ l ≤ 33 
Reflections collected 75595 
Independent reflections 21598 [Rint = 0.1079, Rsigma = 0.0955] 
Data/restraints/parameters 21598/0/1374 
Goodness-of-fit on F
2
 1.150 
Final R indexes [I>=2σ (I)] R1 = 0.1159, wR2 = 0.3182 
Final R indexes [all data] R1 = 0.1686, wR2 = 0.3585 
Largest diff. peak/hole / e Å
-3
 3.79/-0.64 
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Figure 2.30.(A) Measured PXRD patterns of [MnL]  
(B) Simulated PXRD patterns calculated from [MnL] single crystal data. 
 
As shown in figure 2.30, measured PXRD patterns of [MnL] are in good 
agreement with the corresponding PXRD patterns calculated from the single crystal 
data, suggesting that single phase materials have been prepared in both cases.   
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 The Crystal Analysis of HL4 2.5.4
 
The compound HL4 crystallised in the monoclinic space group P21/c. This 
confirms the structure is as predicted in solid state. The structure shown below was 
modelled on Mercury using SXRD data from beamline MX1 of the Australian 
Synchrotron. 
 
Figure 2.31. Molecular structure of HL4 as confirmed by SXRD analysis. Grey = Carbon,  
Blue = Nitrogen, White = Hydrogen, Yellow = Bromine. 
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Table 2.6. Crystallographic data and refinement details for HL4. 
Parameter HL
4
 
Empirical formula C5H7N5S 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å 10.856(2) 
b/Å 11.237(2) 
c/Å 7.0620(14) 
α/° 90 
β/° 104.27(3) 
γ/° 90 
Volume/Å
3
 834.9(3) 
Z 4 
ρcalcg/cm
3
 1.482 
μ/mm-1 0.347 
F(000) 388.0 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.872 to 56.55 
Index ranges -14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -9 ≤ l ≤ 9 
Reflections collected 12688 
Independent reflections 2048 [Rint = 0.0364, Rsigma = 0.0210] 
Data/restraints/parameters 2048/0/112 
Goodness-of-fit on F
2
 1.090 
Final R indexes [I>=2σ (I)] R1 = 0.0754, wR2 = 0.2472 
Final R indexes [all data] R1 = 0.0761, wR2 = 0.2481 
Largest diff. peak/hole / e Å
-3
 1.13/-0.93 
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Figure 2.32.(A) Measured PXRD patterns of HL4 
(B) Simulated PXRD patterns calculated from HL4 single crystal data. 
 
As shown in figure 2.30, measured PXRD patterns of HL4 are in poor 
agreement with the corresponding PXRD patterns calculated from the single crystal 
data. The reason for this is, solvent molecules have evaporated off the crystal 
structure therefore, the crystal lattice has collapsed and powder pattern does not 
match the simulated.    
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 The Crystal Analysis of [Fe(L4)2]Cl 2.5.5
 
The compound [Fe(L4)2]Cl  crystallised in the orthorhombic space group 
Pna21. This confirms the structure is as predicted in solid state. The structure shown 
below was modelled on Mercury using SXRD data from beamline MX1 of the 
Australian Synchrotron. 
 
Figure 2.33. Molecular structure of [Fe(L4)2]Cl  as confirmed by SXRD analysis.  
Grey = Carbon, Blue = Nitrogen, White = Hydrogen, Yellow = Sulfur, Orange = Iron. 
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Table 2.7. Crystallographic data and refinement details for [Fe(L4)2]Cl 
Parameter [Fe(L4)2]Cl 
Empirical formula C14H22ClFeN8O2S2 
Temperature/K 100(2) 
Crystal system orthorhombic 
Space group Pna21 
a/Å 21.971(4) 
b/Å 11.616(2) 
c/Å 7.6880(15) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å
3
 1962.1(7) 
Z 4 
ρcalcg/cm
3
 1.658 
μ/mm-1 1.147 
F(000) 1012.0 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.966 to 56.562 
Index ranges -29 ≤ h ≤ 29, -15 ≤ k ≤ 15, -10 ≤ l ≤ 10 
Reflections collected 30149 
Independent reflections 4869 [Rint = 0.0278, Rsigma = 0.0159] 
Data/restraints/parameters 4869/1/257 
Goodness-of-fit on F
2
 1.057 
Final R indexes [I>=2σ (I)] R1 = 0.0446, wR2 = 0.1300 
Final R indexes [all data] R1 = 0.0446, wR2 = 0.1300 
Largest diff. peak/hole / e Å
-3
 1.24/-0.73 
Flack parameter 0.495(2) 
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Figure 2.34: (A) Measured PXRD patterns of [Fe(L4)2]Cl 
(B) Simulated PXRD patterns calculated from [Fe(L4)2]Cl
 single crystal data. 
 
As shown in figure 2.34, measured PXRD patterns of [Fe(L4)2]Cl are in poor 
agreement with the corresponding PXRD patterns calculated from the single crystal 
data. The reason for this is, solvent molecules have evaporated off the crystal 
structure therefore, the crystal lattice has collapsed and powder pattern does not 
match the simulated.     
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Chapter 3 -Chemosensory Studies 
 
 Chemosensory Studies Method  3.1
 
In this paper, HL1, H2L
2, H2L
3, HL4, supramolecular ligands are tested and 
analysed to determine chemosensory properties. Initially, in order to determine 
ligand and metal interactions, a full metal scan must be undertaken. Ultraviolet-
visible spectroscopy (UV-Vis) was undertaken to identify ligand interactions with 
transition metal chlorides NaCl, MgCl2, AlCl3, KCl, CaCl2, CrCl3, MnCl2, FeCl3, CoCl2, 
NiCl2, CuCl2, ZnCl2, CdCl2, BaCl2, HgCl2 and Pb(NO
3)2.This was conducted via 
Agilent Cary 100 coupled to UV-WinLab softare. Analysis was conducted between 
200 to 800nm at a scan speed of 600 nm/minute with solutions measured in 
matched 3 mL quartz cuvettes. Metal stock solutions were prepared and 
standardised according to methods adapted from Schwarzenbach, G., & Flaschka, 
H. (1969).83  
Chloride salts were chosen as first preference to make up the metal stock 
solutions. Chloride salts, although less soluble in H2O, in comparison to nitrate salts, 
do not absorb in the UV region (~240nm) which is more effective as the absorbance 
in the visible region is of high significance to determining experimental conclusions. 
The only exemption, was Pb2+ nitrate, this is due to the poor solubility of Pb2+ 
chloride in H2O.Stock solutions of HL
1, H2L
2, H2L
3, HL4 were prepared in methanol 
as a 2 mM concentration. A 100 mM, pH = 7.00 stock solution of 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer was also prepared 
using Milli-Q water. These solutions were used for all UV-Vis based experiments. 
Following the study of a metal scan, where ligand and metal interactions were 
measured, this paper then explores HL1 selectivity to Cu2+ throughout a competing 
metal ion test. However, ligands H2L
2, H2L
3, HL4 interact with several metals. Then, 
the detection of limit for all interacting metals are explored. In addition to this, the 
binding constants of each interaction is determined. Finally, a Job’s plot study of 
these interactions is undertaken to confirm metal-to-ligand stoichiometry.      
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 Ultraviolet-visible Spectroscopy (UV-Vis) – Ligand 3.2
and Metal Interaction 
 
A priority step that was undertaken before the metal scan involved 
observation  of each ligand spectra with no added metal to observe degradation of 
ligand. This was conducted by running ligand in H2O:MeOH (v/v 1:1, HEPES pH = 7) 
solution repetitively for 5 scans leaving 10 minutes between each scan. This 
concluded that HL1 degrades quickly which is noted on the UV-Vis as the absorption 
decreased dramatically between each scan, in comparison to H2L
2, H2L
3, HL4.  
Therefore, HL1 was standardised in a volumetric flask containing H2O:MeOH 
(v/v 1:1, HEPES pH = 7) to make a 2 mM stock solution. This stock solution was 
then transferred into a plastic jar and stored at 2°C for 24 hours before conducting 
the respective full metal scan experiment. By leaving the solution in 2°C conditions 
for settle for 24 hours, this allowed the ligand and buffer stock solution to stabilise 
overtime to ensure all interactions between buffer, solvent and ligand are complete 
and settled before pipetting metals to obtain UV-Vis scans. UV-Vis cuvette 
preparation of HL1 involved pipetting 3 mL of stock ligand solution followed by 
respective cation (0.05 – 0.025 M), cation volume is insignificant compared to total 
volume amount in cuvette.    
To conduct a full metal scan of each ligand, ligand was pipetted into a 3 mL 
cuvette with each metal to observe the spectral shift any ligand selectivity towards 
the metal. The 3 mL cuvette was of quartz composition with a sealing stopper. The 
metals were then individually pipetted for each scan, metals were added in excess 
amount in comparison to the ligand to ensure the ligand is saturated. The conditions 
for a cuvette included in a full metal scan H2L
2, H2L
3, HL4 experiment are as shown 
in table 3.1. After pipetting these reagents into the cuvette, they were mixed for 30 
seconds,UV-Vis spectra were taken at room temperature. The full metal scans of 
HL1, H2L
2, H2L
3, HL4 are shown below. 
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Table 3.1 Conditions of each metal run of a full metal scan. 
Step Reagent/solvent Amount 
1 Buffer (100 mM) 600 µL (to be 20 mM) 
2 1:1 H2O:MeOH mixture 1800 µL 
3 MeOH 570 µL 
4 Ligand (2 mM) 30 µL (to be 20 µM) 
5 Metal/s (0.05 – 0.025 M) ~2-6 µL (to be 60 µM) 
Insignificant amount 
compared to total volume 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
72 
The chromogenic sensing ability of HL1 was studied in the presence of 16 
different cations including, Na+, Mg2+, Al3+, K+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, Ba2+, Hg2+ Pb2+ in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 
20 mM). Upon the addition of 2 equiv of each cation, HL1 showed either little of no 
spectral changes in absorption peaks in the presence of Na+, Mg2+, Al3+, K+, Ca2+, 
Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Zn2+, Cd2+, Ba2+, Hg2+ Pb2+. As shown in figure 3.1., Pb2+ 
and Fe3+ showed some increase in abosption due to precipation interaction between 
Fe3+and buffer. On the other hand, the addition of Cu2+ to HL1 caused a significant 
spectral change, indicating that HL1 can serve as a potential candidate of ‘naked-
eye’ chemosensor for Cu2+ in aqueous solution.  
 
Figure 3.1 Absorption spectral changes of  HL1 upon the addition of 2 equiv of various metal 
ions in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 20 mM). 
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The chromogenic sensing ability of H2L
2
 was studied in the presence of 16 
different cations including, Na+, Mg2+, Al3+, K+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, Ba2+, Hg2+ Pb2+ in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 
20 mM). Upon the addition of 2 equiv. of each cation, H2L
2
 showed either little of no 
spectral changes in absorption peaks in the presence of Na+, Mg2+, Al3+, K+, Ca2+, 
Cr3+, Mn2+, Fe3+, Ni2+, Cd2+, Ba2+, Pb2+. As shown in figure 3.2., Fe3+ showed some 
increase in abosption due to precipation interaction between Fe3+and buffer. On the 
other hand, the addition of Cu2+, Co2+, Hg2+, Zn2+, to H2L
2 caused a significant 
spectral change. 
 
 
Figure 3.2. Absorption spectral changes of  H2L
2
 upon the addition of 2 equiv of various 
metal ions in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 20 mM). 
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The chromogenic sensing ability of H2L
3
 was studied in the presence of 16 
different cations including, Na+, Mg2+, Al3+, K+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, Ba2+, Hg2+ Pb2+ in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 
20 mM). Upon the addition of 2 equiv. of each cation, H2L
3 showed either little of no 
spectral changes in absorption peaks in the presence of Mg2+, Al3+, K+, Ca2+, Cr3+, 
Mn2+, Fe3+, Ni2+, Cd2+, Pb2+. As shown in figure 3.3., Fe3+, Na+ and Ba2+ showed 
some increase in abosption due to precipation interaction between Fe3+and buffer. 
On the other hand, the addition of Cu2+, Co2+, Hg2+, Zn2+, to H2L
3 caused a 
significant spectral change.  
 
 
Figure 3.3 Absorption spectral changes of  H2L
3 upon the addition of 2 equiv of various metal 
ions in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 20 mM). 
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The chromogenic sensing ability of HL4 was studied in the presence of 16 
different cations including, Na+, Mg2+, Al3+, K+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, Ba2+, Hg2+ and Pb2+ in HEPES buffer and H2O:MeOH (v/v 1:1, 
HEPES 20 mM). Upon the addition of 2 equiv. of each cation, HL4 showed either little 
of no spectral changes in absorption peaks in the presence of Na+, Mg2+, Al3+, K+, 
Ca2+, Cr3+, Mn2+, Fe3+, Ba2+. As shown in figure 3.4., Fe3+ showed some increase in 
abosption due to precipation interaction between Fe3+and buffer. On the other hand, 
the addition of Cu2+, Co2+, Pb2+. Hg2+, Zn2+, Ni2+, Cd2+, to HL4 caused a significant 
spectral change. 
 
 
Figure 3.4 Absorption spectral changes of  HL4 upon the addition of 2 equiv of various metal 
ions in HEPES buffer and H2O:MeOH (v/v 1:1, HEPES 20 mM). 
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the ligands selection towards the sensing metal. Nevertheless, H2L
2, H2L
3 and HL4 
are selective to several metals, therefore, these chemosensing systems are suitable 
for sensing simultaneous mixtures. Subsequently, a detection of limit studies was 
further conducted on all ligands, HL1, H2L
2, H2L
3 and HL4. 
 
 Competing Metal ion Test 3.2.1
 
 To further check practical applicability of HL1, a competing metal ion test was 
undertaken. 2 equiv. of Cu2+ were added to HL1 in HEPES buffer and H2O:MeOH 
(v/v 1:1, HEPES pH = 7).Then, 1.5 equiv. amounts (Cu:M+) of another cation (Na+, 
Mg2+, Al3+, K+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ba2+, Hg2+ and 
Pb2+), giving a total ratio of 1:2:4 (L:Cu:M+), was also pipetted into the solution. The 
UV-Vis spectra was recorded. The histogram of the absorbance changes is 
presented in figure 3.5. illustrates the absorbance values of each cation presence in 
solution of [CuL1]. Cu2+  volume was added in excess amount to the ligand to ensure 
the ligand is saturated. Also, the competing cation is also added in excess to ensure 
that in a real world setting the targeted metal is not overpowered by any other metal 
that is present in a higher concentration.  
 
Figure 3.5 Competative selectivity of Cu2+ in the presence of other cations - 1:2:4 (L:Cu:M+) 
A = 300 nm. 
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It is clearly noted that the absorbance of Cr3+ and Al3+ is 0.01 and 0.02, 
respectively. In comparison to the [CuL1] complex, the absorbance is significantly 
lower, indicating that there is an interference caused by Cr3+ and Al3+. Therefore, as 
HL1 interacts with Cu
2+, the presence of Cr3+ and Al3+ in the same media interfers 
with the [CuL1] complex. On the other hand, the absorbance of Pb2+ and Fe3+ is 0.05 
and 0.06 is due to the interaction that is caused between these metal ions and the 
HEPES buffer. The preparation process of Pb2+ and Fe3+ metal stock solutions 
involved the use of HCl, the acid is used to prevent precipitation of stock solution 
however, during chemosensor experiments, the acid is neutralised by the 
experimental conditions and precipitation of the metal ion may occur.    
 
 Limit of Detection Studies 3.3
 
A limit of detection studies involved titrating respective metal against the 
targeted ligand. The concentrations theoretically indicate that HL1, H2L
2, H2L
3 and 
HL4 should have at least 12 points until the ligand becomes completely saturated 
with the metal. Solvent ratios are also maintained meaning that the ratio of 
H2O:MeOH at 1:1 was used throughout every addition. However, this is not required 
for the metal additions as the added volumes are insignificant. The conditions of a 
cuvette preparation for a limit of detection experiment is shown in table 3.3. 
Table 3.3. Conditions of cuvette preparation for limit of detection studies.   
Reagent Amount 
added to cuvette 
(µL) 
HEPES buffer 
100mM stock 
Effective 20mM in cuvette 
600 
H2O:MeOH 570 
MeOH 1800 
2mM stock solution (MeOH) 30 
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Effective 20 µM 
concentration 
Target metal Standard 
1mM stock solution 
(Effective 1.67 µM 
concentration per addition) 
5 
 
  For instance, ligand is at 20 µM in cuvette, therefore 20 µM / 12 = 1.67 µM 
additions of target metal required. This equates to 0.006 µL additions of a 1mM 
CuCl2 standard to give 1 equivalent unit after 12 points, which is required to total the 
titration to 1 equivalent unit. The reason for doing this; towards the end of the titration 
the trendline will begin to curve, using less than 0.1 equivalent units allows for 
approximately 10 points of a linear curve. Hence, in this experiment additions of 5 µL 
(1.67 µM) were made. All titration additions were stopped at least 5 points after no 
further spectroscopic shift was shown on the spectrum. However, each ligand stock 
in H2O:MeOH (v/v 1:1, HEPES pH = 7) solution was prepared without the respective 
metal. However, the first step of the detection of limit test included 15 consecutive 
runs on the UV-Vis in order to determine the standard deviation. The complex peak 
wavelength was used to determine the standard deviation of the ligand cycle data. 
This is essentially used as a measure of instrumental error. The data was then 
processed by being plotted into a scatter against the “Cu concentration (M)”.  
  A Limit of Detection (LoD) and Limit of Quantitcation (LoQ) study were then 
applied. The limit of detection is the lowest analyte concentration likely to be reliably 
distinguished. Whereas, LoQ is the lowest concentration at which the analyte can not 
only be reliably detected but, the analyte can be measured and interesting 
conclusions can be drawn.  
 
All calculations for the LoD study was treated in excel by using the following 
equation: 
LoD = 3 * σ / m 
Where: 
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- σ  = the standard deviation of the blank solution at the complex 
peak location 
m = The slope from the titration data 
The LoQ is also treated in excel by using the following equation: 
LoQ = 10 * σ / m 
Where: 
- σ  = the standard deviation of the isosbestic peak 
m = the slope of the calibration curve 
All interactive ligands and cations which displayed spectral shift on UV-Vis 
spectras are summarised in figure 3.2. As shown below, detection of limit studies 
was conducted on all metal ions that interacted with ligands. Some spectral artefact 
can be seen on the UV-Vis spectras, however, this is an instrumental artefact which 
is caused from the lamp switch change in the UV-Vis spectroscopy. Also, a 
summarised table x shows all interactive metal ions and respective LoD and LoQ 
values.   
 
Table 3.2 Metal ions which interact with each respective ligand. 
Ligand Identification Interactive Metal Ions 
HL1 Cu2+ 
H2L
2 Zn2+, Cu2+, Co2+, Hg2+ 
H2L
3 Zn2+, Cu2+, Co2+, Hg2+ 
HL4 Ni
+2,  Zn2+, Cu2+, Co2+, 
Hg2+, Pb2+, Cd2+ 
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 LoD analysis of [CuL1] 3.3.1
 
 
Figure 3.6 Absorbance spectra of HL1 with increasing concentrations of Cu2+. 
 Insert: Linear curved used for LoD and LoQ calculations, plotted from complex peak 
absorbance (λmax = 271 nm). 
 
The metal recognition properties of HL1 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of HL1 was monitored during titration with different 
concentrations of CuCl2. Figure 3.6. illustrates the variation of UV-Vis spectrum of 
HL1 (20 µM) along with the increasing amounts of CuCl2, from 0 to 33.4 µM in 
H2O:MeOH (v/v 1:1, HEPES 20 mM). Two absorbance bands were observed to be 
centred at 271 and 396 nm. Upon the addition of CuCl2, a new absorption band 
centred at 366 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 396 nm increased gradually, generating one isosbestic 
peak 358 nm, which indicated the formation of a new complex between HL1 and 
CuCl2. As shown in the inset of Fig.3.6, a nearly linear dependence of the 
absorbance at 271 nm as a function of CuCl2 concentration from 0 to 26.72 µM was 
observed. 
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 LoD analysis of [ZnL2] 3.3.2
 
 
Figure 3.7 Absorbance spectra of H2L
2 with increasing concentrations of Zn2+.  
Insert: Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 379 nm)/ isosbestic peak (λmax = 360 nm). 
 
The metal recognition properties of H2L
2 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
2 was monitored during titration with 
different concentrations of ZnCl2. Figure 3.7. illustrates the variation of UV-Vis 
spectrum of H2L
2 (20 µM) along with the increasing amounts of CuCl2, from 0 to 
36.74 µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). Two absorbance bands were 
observed to be centred at 262 and 379 nm. Upon the addition of ZnCl2, two new 
absorption band centred at 297 nm and 339 nm appeared with decreasing intensity. 
Meanwhile, the original absorption band centred at 297 nm and 339 nm increased 
gradually and the 262 nm and 379 absorption bands decreased, generating two 
isosbestic peaks 274 nm and 361 nm, which indicated the formation of a new 
complex between HL1 and ZnCl2. As shown in the inset of Fig.3.8, a linear 
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dependence of the ratio of absorbance at 390 and 362 nm as a function of ZnCl2 
concentration from 0 to 15 uM was observed.  
 
 LoD analysis of [CuL2] 3.3.3
 
 
Figure 3.8 Absorbance spectra of H2L
2 with increasing concentrations of Cu2+. Insert: 
Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 390 nm)/ isosbestic peak (λmax = 362 nm). 
 
The metal recognition properties of H2L
2 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
2 was monitored during titration with 
different concentrations of CuCl2. Figure 3.8. illustrates the variation of UV-Vis 
spectrum of H2L
2 (20 µM) along with the increasing amounts of CuCl2, from 0 to 
28.39 µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). Three absorbance bands were 
observed to be centred at 262, 318 nm and 379 nm. Upon the addition of ZnCl2, two 
new absorption band centred at 301 nm and 338 nm appeared with decreasing 
intensity. Meanwhile, the original absorption band centred at 262 nm, 318 nm, 379 
nm increased gradually and the 301 nm and 338 nm absorption bands increased, 
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generating two isosbestic peaks 274 nm and 362 nm, which indicated the formation 
of a new complex between HL1 and ZnCl2. As shown in the inset of Fig.3.8, a linear 
dependence of the ratio of absorbance at 390 and 362 nm as a function of ZnCl2 
concentration from 0 to 15 uM was observed.  
 
 LoD Analysis of [CoL2] 3.3.4
 
 
Figure 3.9 Absorbance spectra of H2L
2 with increasing concentrations of Co2+. Insert: 
Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 264 nm)/ isosbestic peak (λmax = 289 nm). 
 
The metal recognition properties of H2L
2 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
2 was monitored during titration with 
different concentrations of CoCl2. Figure 3.9. illustrates the variation of UV-Vis 
spectrum of H2L
2 (20 µM) along with the increasing amounts of CoCl2, from 0 to 
28.39 µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). Two absorbance bands were 
observed to be centred at 289 nm and 380 nm. Upon the addition of CoCl2, two new 
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absorption band centred at 297 nm and 330 nm appeared with decreasing intensity. 
Meanwhile, the original absorption band centred at 289 nm and 380 nm increased 
gradually and the 297 nm and 330 nm absorption bands decreased, generating two 
isosbestic peaks 280 nm and 289 nm, which indicated the formation of a new 
complex between HL1 and CoCl2. As shown in the inset of Fig.3.8, a linear 
dependence of the ratio of absorbance at 264 and 289 nm as a function of CoCl2 
concentration from 0 to 11.7 uM was observed.  
 
 LoD Analysis of [HgL2] 3.3.5
 
 
Figure 3.10 Absorbance spectra of H2L
2 with increasing concentrations of Hg2+. Insert: 
Linear curved used for LoD and LoQ calculations, plotted from complex peak absorbance 
(λmax = 298 nm). 
 
The metal recognition properties of H2L
2 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
2 was monitored during titration with 
different concentrations of HgCl2. Figure 3.10. illustrates the variation of UV-Vis 
spectrum of H2L
2 (20 µM) along with the increasing amounts of HgCl2, from 0 to 21.7 
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µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 372 nm. Upon the addition of HgCl2, two new absorption band centred 
at 297 nm and 340 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 372 nm increased gradually and the 298 nm and 340 nm 
absorption bands decreased, which indicated the formation of a new complex 
between HL2 and HgCl2. As shown in the inset of Fig.3.10, a linear dependence of 
absorbance at 298 nm as a function of HgCl2 concentration from 0 to 10 uM was 
observed.  
 
 DoL Analysis of [ZnL3] 3.3.6
 
 
 
Figure 3.11 Absorbance spectra of H2L
3 with increasing concentrations of Zn2+.  
 
The DoL could not be calculated for this complex, a slow interaction is 
observed between H2L
3 and Zn2+ therefore, DoL calculation was not feasable.  
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 DoL Analysis of [HgL3] 3.3.7
 
Figure 3.12 Absorbance spectra of H2L
3 with increasing concentrations of Hg2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from complex peak 
absorbance (λmax = 372 nm). 
The metal recognition properties of H2L
3 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
3  was monitored during titration with 
different concentrations of HgCl2. Figure 3.12. illustrates the variation of UV-Vis 
spectrum of H2L
3 (20 µM) along with the increasing amounts of HgCl2, from 0 to 18 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 293 nm. Upon the addition of HgCl2, two new absorption band centred 
at 262 nm and 372 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 293 nm increased gradually and the 262 nm and 372 nm 
absorption bands decreased, which indicated the formation of a new complex 
between HL3 and HgCl2. As shown in the inset of Fig.3.12, a linear dependence of 
absorbance at 372 nm as a function of HgCl2 concentration from 0 to 10 uM was 
observed.  
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 DoL Analysis of [CuL] 3.3.8
 
 
Figure 3.13 Absorbance spectra of H2L
3 with increasing concentrations of Cu2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 400 nm)/ isosbestic peak (λmax = 388 nm). 
 
The metal recognition properties of H2L
3 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
3  was monitored during titration with 
different concentrations of CuCl2. Figure 3.13. illustrates the variation of UV-Vis 
spectrum of H2L
3 (20 µM) along with the increasing amounts of CuCl2, from 0 to 30 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 239 nm and 394 nm. Upon the addition of CuCl2, a new absorption 
band centred at 400 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 239 nm and 394 nm increased gradually, generating one 
isosbestic peak 388 nm, which indicated the formation of a new complex between 
HL3 and CuCl2. As shown in the inset of Fig.3.13, a nearly linear dependence of the 
ratio of absorbance at 271 nm as a function of CuCl2 concentration from 0 to 26.72 
µM was observed.  
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 DoL Analysis of [CoL3] 3.3.9
 
 
Figure 3.14 Absorbance spectra of H2L
3 with increasing concentrations of Co2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from complex peak 
absorbance (λmax = 373 nm). 
 
The metal recognition properties of H2L
3 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
3  was monitored during titration with 
different concentrations of CoCl2. Figure 3.14. illustrates the variation of UV-Vis 
spectrum of H2L
3 (20 µM) along with the increasing amounts of CoCl2, from 0 to 27 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 247 nm and 414 nm. Upon the addition of CoCl2, a new absorption 
band centred at 373 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 247 nm and 414 nm increased gradually, which indicated 
the formation of a new complex between HL3 and CoCl2. As shown in the inset of 
Fig.3.13, a nearly linear dependence of absorbance at 373 nm as a function of CoCl2 
concentration from 0 to 15 µM was observed.  
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 DoL Analysis of [NiL4] 3.3.10
 
 
Figure 3.15 Absorbance spectra of HL4 with increasing concentrations of Ni2+. Insert: 
Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 331 nm)/ isosbestic peak (λmax = 322 nm). 
 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of NiCl2. Figure 3.15. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of NiCl2, from 0 to 30 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 259 nm and 337 nm. Upon the addition of NiCl2, a new absorption 
band centred at 302 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 259 nm and 337 nm increased gradually, generating one 
isosbestic peak 322 nm, which indicated the formation of a new complex between 
HL4 and NiCl2. As shown in the inset of Fig.3.13, a nearly linear dependence of the 
ratio of absorbance at 331 nm and 322 nm as a function of NiCl2 concentration from 
0 to 26.72 µM was observed.  
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    DoL Analysis of [ZnL4] 3.3.11
 
Figure 3.16 Absorbance spectra of H2L
4 with increasing concentrations of Zn2+. Insert: 
Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 302 nm)/ isosbestic peak (λmax = 322 nm). 
 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of ZnCl2. Figure 3.16. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of ZnCl2, from 0 to 50 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 262 nm and 339 nm. Upon the addition of ZnCl2, a new absorption 
band centred at 302 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 262 nm and 339 nm increased gradually, generating one 
isosbestic peak 322 nm, which indicated the formation of a new complex between 
HL4 and ZnCl2. As shown in the inset of Fig.3.16, a nearly linear dependence of the 
ratio of absorbance at 302 nm and 322 nm as a function of ZnCl2 concentration from 
0 to 37 µM was observed.  
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     DoL Analysis of [CuL4] 3.3.12
 
 
Figure 3.17 Absorbance spectra of H2L
4 with increasing concentrations of Cu2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 328 nm)/ isosbestic peak (λmax = 324 nm). 
 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of CuCl2. Figure 3.17. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of CuCl2, from 0 to 22 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 266 nm and 337 nm. Upon the addition of CuCl2, a new absorption 
band centred at 303 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 266 nm and 337 nm increased gradually, generating one 
isosbestic peak 324 nm, which indicated the formation of a new complex between 
HL4 and CuCl2. As shown in the inset of Fig.3.17, a nearly linear dependence of the 
ratio of absorbance at 328 nm and 324 nm as a function of CuCl2 concentration from 
0 to 10 µM was observed.  
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 DoL Analysis of [CoL4] 3.3.13
 
 
Figure 3.18 Absorbance spectra of H2L
4 with increasing concentrations of Co2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from complex peak 
absorbance (λmax = 301 nm). 
 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of CoCl2. Figure 3.18. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of CoCl2, from 0 to 16.7 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 259 nm and 340 nm. Upon the addition of CoCl2, a new absorption 
band centred at 301 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 259 nm and 340 nm increased gradually, which indicated 
the formation of a new complex between HL4 and CoCl2. As shown in the inset of 
Fig.3.18, a nearly linear dependence of the ratio of absorbance at 301 nm as a 
function of CoCl2 concentration from 0 to 6.7 µM was observed.  
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 DoL Analysis of [HgL4] 3.3.14
 
 
Figure 3.19 Absorbance spectra of H2L
4 with increasing concentrations of Hg2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from complex peak 
absorbance (λmax = 302 nm). 
 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of HgCl2. Figure 3.19. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of HgCl2, from 0 to 18.3 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 253 nm and 339 nm. Upon the addition of CoCl2, a new absorption 
band centred at 302 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 253 nm and 339 nm increased gradually, which indicated 
the formation of a new complex between HL4 and HgCl2. As shown in the inset of 
Fig.3.19, a nearly linear dependence of the ratio of absorbance at 301 nm as a 
function of HgCl2 concentration from 0 to 8.4 µM was observed.  
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 DoL Analysis of [CdL4] 3.3.15
 
 
Figure 3.20 Absorbance spectra of H2L
4 with increasing concentrations of Cd2+. 
Insert: Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 302 nm)/ isosbestic peak (λmax = 321 nm). 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of HgCl2. Figure 3.20. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of CdCl2, from 0 to 36.7 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 253 nm and 341 nm. Upon the addition of CdCl2, a new absorption 
band centred at 302 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 253 nm and 341 nm increased gradually, generating one 
isosbestic peak 321 nm, which indicated the formation of a new complex between 
HL4 and CdCl2. As shown in the inset of Fig.3.20, a nearly linear dependence of the 
ratio of absorbance at 302 nm and 321 nm as a function of CdCl2 concentration from 
0 to 23.3 µM was observed.  
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 DoL Analysis of [PbL4] 3.3.16
 
 
 
Figure 3.21. Absorbance spectra of H2L
4 with increasing concentrations of Pb2+.  
Insert: Linear curved used for LoD and LoQ calculations, plotted from the absorbance of the 
complex peak (λmax = 302 nm)/ isosbestic peak (λmax = 327 nm). 
 
The metal recognition properties of H2L
4 were intially evaluated by UV-Vis 
analysis. UV-Vis spectral variation of H2L
4  was monitored during titration with 
different concentrations of PbCl2. Figure 3.21. illustrates the variation of UV-Vis 
spectrum of H2L
4 (20 µM) along with the increasing amounts of PbCl2, from 0 to 45 
µM in H2O:MeOH (v/v 1:1, HEPES 20 mM). An absorbance band were observed to 
be centred at 258 nm and 351 nm. Upon the addition of PbCl2, a new absorption 
band centred at 302 nm appeared with decreasing intensity. Meanwhile, the original 
absorption band centred at 258 nm and 351 nm increased gradually, generating one 
isosbestic peak 327 nm, which indicated the formation of a new complex between 
HL4 and PbCl2. As shown in the inset of Fig.3.21, a nearly linear dependence of the 
ratio of absorbance at 302 nm and 327 nm as a function of PbCl2 concentration from 
0 to 33.4 µM was observed.  
96 
Table 3. Summarised table displaying interacting metal and ligand DoL (nM) and LoQ (nM).   
Metal Complex DoL LoQ 
[CuL1] 903.5 nM 3011.8 nM 
[ZnL2] 59.2 nM 
 
197.4 nM 
 
[CuL2] 48.2 nM 
 
160.8 nM 
 
[CoL2] 9.8 nM 
 
32.7 nM 
 
[HgL2] 48.0 nM 
 
160.1 nM 
 
[CuL3] 139.5 nM 
 
465.9 nM 
 
[CoL3] 44.3 nM 
 
147.8 nM 
 
[HgL3] 
 
     87.3 nM 278.9 nM 
[NiL4] 109.4 nM 
 
364.6 nM 
 
[ZnL4] 6.4 nM 
 
21.5 nM 
 
[CuL4] 241.3 nM 
 
804.5 nM 
 
[CoL4] 80.6 nM 
 
268.6 nM 
 
[HgL4] 25.2 nM 84.0 nM 
 
[CdL4] 43.3 nM 
 
144.4 nM 
 
[PbL4] 17.8 nM 59.5 nM 
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  Binding Constant Studies 3.4
 
The quantitative analysis of intermolecular interactions has always been a 
fundamental matter in the field of supramolecular chemistry. To address this 
investigation of intermolecular interactions of interest, a common approach 
undertaken is the supramolecular titration method. Herein, the ‘guest’ is gradually 
added to the system (‘host’) whilst observing a physical property that is sensitive to 
the supramolecular interaction(s) of interest. This physical property includes, specific 
chemical resonance (NMR) or absorption band (UV). The resulting data is then fitted 
to binding models to gather information including the association constant 𝐾𝑎 and 
stoichiometry.   
This thesis employs the method of monitoring a physical property shown in 
absorption band by UV-Vis that is sensitive to the desired interactions. However, this 
study employed the method of UV-Vis titrations as targeted metals in this study are 
paramagnetic therefore, is not suitable to undertake NMR titrations. 
As mentioned previously, the first crown-ether ever established was by 
Pedersen, dicyclohexyl-18-crown-6. However, at the time of this reveal, the exact 
stereochemistry of this host was not defined. Although majority of the work done by 
Pedersen that followed was done with ion-selective electrodes, the first report on the 
association constant for cis-dicyclohexyl-18-crown-6 was the binding of K+. This 
titration of host and guest obtained a 𝐾𝑎 = 100, however, solvent, temperature and 
counter ion were not specified. 
The Benesi-Hildebrand method was employed as a method to investigate the 
equilibria established between L1-L4 and their respective metals throughout UV-Vis 
titrations.   
In supramolecular chemistry, the typical equilibria is defined starting with the 
simple 1:1 equilibria, according to the equation shown below84: 
 
𝐾𝑎 =  
[HG]
[H][G]  
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Usually, the way to quantify [H], [G] and [HG] is by determining the 
concentration of the complex [HG] and then calculating the remaining concentrations 
by the mass balance as illustrated below for simple 1:1 binding84. 
[H]0 = [H] + [HG]  
[G]0 = [G] + [HG]  
Unfortunately, in supramolecular chemistry experiments, it is not possible to 
measure [HG] or [H] and [G]. The notable exception here is when the free host and 
guest are in true slow exchange with their complexes on the NMR timescale so that 
two separate peaks can be observed. In this case, NMR titrations are not employed.  
Nevertheless, in response to this, alternate accurate methods to determine Ka 
are available from titration experiments. These methods rely on indirectly 
determining the concentration of the complex [HG]. Usually, supramolecular titration 
experiments are conducted by ensuring a fixed concentration of one component, the 
host (H), whilst the concentration of the other component, the guest (G) is carried 
throughout the experiment, also known as the ‘dilution method’. During the 
sequences of these titrations, physical changes in the systems are usually monitored 
spectroscopically. Then, this change is plotted as a meaning of guest added to host, 
resulting to equivalent guests. The subsequent titration curve termed ‘binding 
isotherm’ is then fitted to a mathematical model to obtain the association constant 
𝐾𝑎, as well as, other physical constants of interest.  
The physical change (∆Y change in UV-Vis absorbance) observed is 
correlated to the concentration of the complex [HG], or in some instances, the free 
host [H], or the free guest [G]. Therefore, the mathematical model used to acquire 
the association constant is calculated based on these grounds. The physical change 
(Y) observed is generally described as the aggregate of the individual components 
according to eqn x as a function of concentration (for UV-Vis spectroscopy)84. 
𝑌 = 𝑌𝐻[𝐻] + 𝑌𝐺[𝐺] + 𝑌𝐻𝐺[𝐻𝐺]   
The mole fraction notion is predominant, as when we combine it with the 
mass balance eqn and and the definition of the association constant we obtain eqn84: 
𝑓HG =  
[𝐻𝐺]
([𝐻]0 − [𝐻𝐺])  ·  ([𝐺]0 − [𝐻𝐺]) 
 
99 
This equation labels the general binding isotherm for a simple 1:1 binding 
system as a hyperbolic relationship between 𝑓HG and the free guest ([G]) 
concentration. Also, the observed physical change (∆X) is related to the mole 
fraction of the complex therefore, if the free guest concentration was known, 
determining the association constant would then follow with these known 
parameters. However, the free guest concentration [G] cannot be measured directly. 
As a result, Benesi-Hildebrand method is undertaken.  
 
   Benesi-Hildebrand Equation 3.4.1
 
Benesi-Hildebrand was established by Benesi and Hildebrand in 1949, a 
phenomenon which has become a universal method for determining the binding 
constant based on absorbance spectra. The method was first recognized when 
these two scientists showed the formation of an iodine-solvent complex through acid-
base interactions, leading to the observed shits in the absorption spectrum. This 
method is usually applied to reaction equilibria which form 1:1 complexes including, 
charge-transfer complexes and host-guest molecular complexation.  
The theoretical idea of this common method is that when either one of the 
reactants is present in excess amounts overpowering the other reactant, the 
characteristic electronic absorption spectra of the other reactant will be transparent 
in the collective absorption range of the reaction system. Subsequently, measuring 
the absorption spectra of the reaction before and after the formation of the product 
and its equilibrium, the association constant of the reaction can be calculated.  
In order to investigate and quantify the binding affinity of guest to host 
molecules in a given solvent, the binding constant (log K) is introduced. The 
absorption spectrum of host molecule in the presence of guest molecule is the 
superposition of both spectra of free host molecule and complex, assuming the guest 
cannot absorb light in that region. As a result, indirect method to determine the 
concentration of complex is applied. The calculation process of the binding constant 
is illustrated below.   
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At the start of the titration when the guest molecule is absent, the absorbance 
value is expressed using the Beer-Lambert law as shown84:  
𝐴0 = 𝜖H · [𝐻]0 
Once the guest molecule has been added, the concentrations of three species 
is correlated to the absorbance. This includes the free host molecule, free guest 
molecule, as well as, complex84.  
𝐴 = 𝜖HG · [𝐻𝐺] + 𝜖H · [𝐻] + 𝜖G · [𝐺]   
Generally, the focus is on the absorbance region, where no influence on the 
absorption spectrum is seen by free guest molecule. Alkali metal ions and alkali 
earth metal ions do not absorb light in the UV-Vis region. Therefore, the absorbance 
value relates to a total of two species, free host molecule and complex84: 
𝐴 = 𝜖HG · [𝐻𝐺] +  𝜖H · [𝐻] 
The absorbance values of the host molecule before, as well as, after the 
addition of the guest molecule is taken and then compared, which obtains the 
following equation84: 
𝐴 − 𝐴0 = (𝜖HG − 𝜖H)  ·  [𝐻𝐺] 
In this thesis, the Benesi-Hildebrand equation shown below was applied to all 
systems84. The binding constant 𝐾 of 1/Cu2+ complex were determined from the 
following equation: 
1
𝐴 − 𝐴0
=
𝑎
𝑎 − 𝑏
 . [
1
𝐾[𝑀]
+ 1] 
Where 𝐾 = Binding constant; 
𝐴0 = the observed absorption of the cation-added; 
𝐴 = the observed absorption of the cation-added 
[𝑀] = the concentration of the cation-added 
𝑎 and 𝑏 are constants, the binding constant value 𝐾 was evaluated graphically by 
plotting 1/(𝐴 − 𝐴𝑜) against 1 / [𝑀+] 𝑀−1 
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In this thesis, Benesi-Hildebrand studies was conducted only on 1:1 L:M 
complexes. However, the exception to this is the [ZnL4] complex as, in solution, this 
interaction is very slow therefore the data used to calculate the binding constant is 
not feasable.   
 
  Binding Studies Analysis of [CuL1] 3.4.2
 
 
                Figure 3.22 Benesi-Hildebrand Plot of [CuL1] with association constant calculated as  
7.92 x104 M-1 (Log K 4.90). 
 
        As shown in figure 3.22, the association constant between HL1 and Cu2+ was 
calculated as 7.92 x104 M-1 (Log K 4.90) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a good linear relationship (R 
= 0.9868).  
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 Binding Studies Analysis of [ZnL2] 3.4.3
 
 
             Figure 3.23 Benesi-Hildebrand Plot of [ZnL2] with association constant calculated as 
3.07x104  M-1 (Log K = 4.49). 
 
As shown in figure 3.23, the association constant between HL2 and Zn2+ was 
calculated as 3.07 x104 M-1 (Log K 4.49) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a good linear relationship (R 
= 0.9993). 
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 Binding Studies Analysis of [CuL2] 3.4.4
 
             Figure 3.24 Benesi-Hildebrand Plot of [CuL2] with association constant calculated as 
3.20x104  M-1 (Log K = 4.51). 
 
As shown in figure 3.24, the association constant between HL2 and Cu2+ was 
calculated as 3.20 x104 M-1 (Log K 4.51) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a linear relationship (R = 
9.9245). 
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Figure 3.25 Benesi-Hildebrand Plot of [CoL2] with association constant calculated as 
2.81x104  M-1 (Log K = 4.45). 
 
As shown in figure 3.25, the association constant between HL2 and Co2+ was 
calculated as 2.81 x104 M-1 (Log K 4.45) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a linear relationship (R = 
0.9974). 
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             Figure 3.26 Benesi-Hildebrand Plot of [CuL3] with association constant calculated as           
4.90 x104  M-1 (Log K = 4.69). 
 
As shown in figure 3.26, the association constant between HL3 and Cu2+ was 
calculated as 4.90 x104 M-1 (Log K 4.69) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a good linear relationship  
(R = 0.9926). 
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Figure 3.27 Benesi-Hildebrand Plot of [CoL3] with association constant calculated as          
2.24 x104  M-1 (Log K = 4.35). 
 
As shown in figure 3.26, the association constant between HL3 and Co2+ was 
calculated as 2.24 x104 M-1 (Log K 4.69) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a good linear relationship  
(R = 0.9976). 
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Figure 3.28 Benesi-Hildebrand Plot of [NiL4] with association constant calculated as 
2.81x104  M-1 (Log K = 4.61). 
As shown in figure 3.27, the association constant between HL4 and Ni2+ was 
calculated as 4.10 x104 M-1 (Log K 4.61) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a good linear relationship   
(R = 0.9903). 
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Figure 3.29 Benesi-Hildebrand Plot of [CuL4] with association constant calculated as          
3.30 x105  M-1 (Log K = 5.51). 
 
As shown in figure 3.29, the association constant between HL4 and Ni2+ was 
calculated as 3.30 x105 M-1 (Log K 5.51) in H2O:MeOH (v/v 1:1, HEPES 20 mM) by 
fitting the data to the Benesi-Hildebrand expression with a good linear relationship  
(R = 0.9022). 
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 Job’s Plot Studies 3.5
Although stoichiometry may be determined by a ligand metal titration, this is 
only a rough estimation. The most effective method to measure a stoichiometric ratio 
is to conduct a Job’s plot study, where the ligand and targeted metal ion are 
measured at various ratios, while the sum of ligand and metal ion remain constant.  
The experiment was conducted in matched 3 mL quartz cuvettes using 
3000µL of sample. The experimental reagents of each cuvette is shown in table 3.4. 
 
Table 3.4 Conditions for Job’s Plot studies  
Reagent Amount 
added to cuvette 
(µL) 
HEPES buffer 
100mM stock 
Effective 20mM in cuvette 
600 
H2O 825-900 
MeOH 1425-1500 
Ligand Stock 
2mM stock solution (MeOH) 
Effective 20 µM at max 
concentration 
75-0 
Targeted metal standard 
2mM stock solution 
Effective 20 µM at max 
concentration 
0-75 
Total volume 3000 
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Figure 3.30 Job’s plot revealed 1:1 L:M Stoichiometry of the [CuL1] complexation. 
The intersect between the two trend lines is 0.44. 
 
The binding stoichiometry between HL1 and Cu2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.30, the intersect between the two trend lines 
is 0.44. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.31 Job’s plot revealed 1:1 L:M Stoichiometry of the [ZnL2] complex. 
 The intersect between the two trend lines is 0.48. 
 
The binding stoichiometry between HL2 and Zn2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.31, the intersect between the two trend lines 
is 0.48. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.32 Job’s plot revealed 1:1 L:M Stoichiometry of the [CuL2] complex.  
The intersect between the two trend lines is 0.51. 
 
The binding stoichiometry between HL2 and Cu2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.32, the intersect between the two trend lines 
is 0.51. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.33 Job’s plot revealed 1:1 L:M Stoichiometry of the [CoL2] complex. 
 The intersect between the two trend lines is 0.45. 
The binding stoichiometry between HL2 and Co2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.33, the intersect between the two trend lines 
is 0.45. These results indicate the formation of a 1:1 L:M complex.  
 
 
 
 
 
 
 
 
 
y = 0.5831x + 0.1092 
R² = 0.7417 
y = -0.6629x + 0.6743 
R² = 0.9708 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
A
o
b
s-
A
L2
-A
C
o
 
[Co] / ([Co]+[L2]) 
114 
 Job’s Plot Analysis of [HgL2] 3.5.5
 
 
Figure 3.34 Job’s plot revealed 2:1 L:M Stoichiometry of the [HgL2] complex.  
The intersect between the two trend lines is 0.33. 
The binding stoichiometry between HL2 and Hg2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.34, the intersect between the two trend lines 
is 0.33. These results indicate the formation of a 2:1 L:M complex.  
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Figure 3.35 Job’s plot revealed 1:1 L:M Stoichiometry of the [HgL3] complex. 
 The intersect between the two trend lines is 0.55. 
 
The binding stoichiometry between HL3 and Hg2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.35, the intersect between the two trend lines 
is 0.55. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.36 Job’s plot revealed 1:1 L:M Stoichiometry of the [CuL3] complex.  
The intersect between the two trend lines is 0.45. 
 
The binding stoichiometry between HL3 and Cu2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.36, the intersect between the two trend lines 
is 0.45. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.37 Job’s plot revealed 1:1 L:M Stoichiometry of the [CoL3] complex.  
The intersect between the two trend lines is 0.46. 
 
The binding stoichiometry between HL3 and Co2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.37, the intersect between the two trend lines 
is 0.46. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.38 Job’s plot revealed 1:1 L:M Stoichiometry of the [NiL4] complex.  
The intersect between the two trend lines is 0.46. 
 
The binding stoichiometry between HL4 and Ni2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.38, the intersect between the two trend lines 
is 0.46. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.39. Job’s plot revealed 1:1 L:M Stoichiometry of the [ZnL4] complex.  
The intersect between the two trend lines is 0.52. 
 
The binding stoichiometry between HL4 and Zn2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.39, the intersect between the two trend lines 
is 0.52. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.40 Job’s plot revealed 1:1 L:M Stoichiometry of the [CuL4] complex. 
 The intersect between the two trend lines is 0.50. 
 
The binding stoichiometry between HL4 and Cu2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.40, the intersect between the two trend lines 
is 0.50. These results indicate the formation of a 1:1 L:M complex.  
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Figure 3.41 Job’s plot revealed 2:1 L:M Stoichiometry of the [CoL4] complex.  
The intersect between the two trend lines is 0.18. 
 
The binding stoichiometry between HL4 and Co2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.41, the intersect between the two trend lines 
is 0.18. These results indicate the formation of a 2:1 L:M complex.  
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Figure 3.42 Job’s plot revealed 2:1 L:M Stoichiometry of the [HgL4] complex. The 
intersect between the two trend lines is 0.34. 
 
The binding stoichiometry between HL4 and Hg2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.42, the intersect between the two trend lines 
is 0.34. These results indicate the formation of a 2:1 L:M complex.  
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Figure 3.43 Job’s plot revealed 2:1 L:M Stoichiometry of the [CdL4] complex.  
The intersect between the two trend lines is 0.42. 
The binding stoichiometry between HL4 and Cd2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.43, the intersect between the two trend lines 
is 0.42. These results indicate the formation of a 2:1 L:M complex.  
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Figure 3.44 Job’s plot revealed 1:1 L:M Stoichiometry of the [PbL4] complex.  
The intersect between the two trend lines is 0.40. 
The binding stoichiometry between HL4 and Pb2+ ion was determined by the 
Job’s Plot method. As shown in figure 3.44, the intersect between the two trend lines 
is 0.40. These results indicate the formation of a 2:1 L:M complex.  
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Chapter 4 - Conclusion 
HL1, H2L
2, H2L
3 and HL4 have been synthesised and thorougly analysed via 
various characterisations such as, NMR experiments, ESI-MS, ESI-EDS and FT-IR 
to determine structural elucidation. In addition to this, SXRD and PXRD was 
undertaken to confirm molecular structure of HL1, H2L
2,  and HL4, [Mn2L] and 
[Fe(L4)2]Cl. Interestlingly, [Mn2L2] ligand molecules formed a disulphide bridge, 
linking two ligands covalently into one larger ditopic tridentate ligand donor therefore, 
a dinuclear Mn(II) complex is formed. Also, [Fe(L4)2]Cl] complex crystallised in the 
orthorhombic space group, forming a 2:1 L:M architecture. 
The binding affinity of HL1 was studied in the presence of 16 different metal ions. 
Initially, the selectivity of  HL1 were evaluated via UV-Vis. The addition of Cu2+ to HL1 
caused a significant spectral change, indiciating that HL1 and Cu2+ are interacting to 
form a complex in solution. Also, a competing metal ion test was conducted at a ratio 
of  1:2:4 (L:Cu:M+) to ensure other concentration of all cations are higher than that of 
Cu2+ as it is probable this may happen in a real life situation. For instance, Co2+ may 
be in the same media as Cu2+, however, the Co2+ is of a higher concentration than 
Cu2+, neverthless, HL1 selectivity to Cu
2+ is not interfered with overpowering 
concentration of Co2+.  
In addition to this, a detection of limit that HL1 selects for Cu2+ is 903.5 nM, as 
well as, a limit of quantification of 3011.8 nM. The binding mechanism was explored 
via UV-Vis titrations of Cu2+ to HL1. A maximum absorption was observed when the 
molar fraction reached 0.44, which is indicative of a 1:1 stoichiometric complexation 
between  HL1 and Cu2+. The association constant of the newly formed complex was 
then determined as 7.92 x104 M-1 (Log K 4.90). In conclusion, HL1 has shown 
exceptional colorimetric functionality as a potential Cu2+ chemosensor.  
The binding affinities of H2L
2, H2L
3 and HL4 were also studied with a range of 
metals, however, a trend is noted and this is the thiosemicarbazide moiety in all 
three ligands. The S, N and O electron donors of the thiosemicarbazide derivative on 
these three ligands chelate to both hard and soft metals hence, interactions with 
more cations. Nevertheless, ligand and metal interactions in solution state are 
determined to investigate binding ability by L:M stoichiometry and binding constant 
127 
studies. In addition to this, limit of detection studies were undertaken H2L
2, H2L
3 and 
HL4 and their respective metals that have complexed in solution. These ligands have 
shown properties of multi-selectivity chemosensor. The reason for this, some DoL, 
as well as, LoQ results are extremely low, therefore, sensitivity properties of these 
ligands are exceptional.  
In summary, HL1 has shown selectivity towards Cu2+, whereas, H2L
2, H2L
3 
and HL4 have shown selectivity towards different metal ions. Future work involves 
using a fluorometer to detect selective metal ion properties under fluorescence 
conditions. This includes determination of binding affinity, competing metal ion test, 
detection of limit studies, binding constant studies, as well as, Job’s plot examination 
to determine L:M stoichiometry.  
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 Appendix A – COSY and HMQC spectra  4.1
 
Figure A.0.1 COSY Spectrum of HL1 
 
 
 
Figure A.2. HMQC Spectrum of HL Figure A.0.2 QM 1 
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Figure A.0.3 COSY Spectrum of H2L
2
 
 
 
 
 
 
 
Figure A.0.4 HMQC Spectrum of H2L
2 
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Figure A.0.5 COSY Spectrum of H2L
3
 
 
 
 
 
 
 
Figure A.0.6 HMQC Spectrum of H2L
3 
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Figure A.0.7 COSY Spectrum of HL4 
 
 
 
 
 
 
 
Figure A 0.8 HMQC Spectrum of HL4 
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 Appendix B – ESI-MS Data 4.2
 
Figure B 0.9 ESI-MS Spectrum of [HL]- 
 
 
 
 
 
Figure B.0.10 ESI-MS Spectrum of [H2L
2]- 
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Figure B.0.11 ESI-MS Spectrum of [H2L
3]- 
 
 
 
 
 
Figure B.0.12 ESI-MS Spectrum of [HL4]- 
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Figure B.0.13 ESI-MS Spectrum of [FeL4]+ 
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 Appendix C – SEM-EDS Data 4.3
 
Figure C.0.14 EDS Spectrum of HL1 
 
 
 
Figure C.0.15 EDS Spectrum of H2L
2 
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Figure C.0.16 EDS Spectrum of H2L
3
 
 
 
Figure C 0.17 EDS Spectrum of Mn- H2L
3 
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Figure C 0.18 EDS Spectrum of HL4 
 
 
 
 
Figure C.0.19 EDS Spectrum of [Fe(L4)2]Cl 
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 Appendix D – FT-IR Data 4.4
 
Figure D.0.20 FTI-IR Spectrum of HL1 
 
Figure D.0.21 FTI-IR Spectrum of H2L
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Figure D.0.22 FTI-IR Spectrum of H2L
3 
Figure D.0.23. FTI-IR Spectrum of [Mn2L2] 
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Figure D.0.24 FTI-IR Spectrum of H2L
4 
 
 
 
Figure D.0.25 FT-IR Spectrum of [Fe(L4)2]Cl 
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 Appendix E – SXRD Data 4.5
Crystal Refinement Data for HL1 at 100 (K) 
Table 1 Crystal data and structure refinement for HL
1
 .  
Identification code  HL
1 
 
Empirical formula  C12H9BrN2O  
Formula weight  138.56  
Temperature/K  100 (2) 
Crystal system  triclinic  
Space group  P-1  
a/Å  8.0500(16)  
b/Å  8.3880(17)  
c/Å  17.385(4)  
α/°  89.95(3)  
β/°  89.93(3)  
γ/°  65.93(3)  
Volume/Å
3
  1071.8(5)  
Z  4  
ρcalcg/cm
3
  0.8586  
μ/mm-1  1.906  
F(000)  275.6  
Radiation  Mo Kα (λ = 0.71073)  
2Θ range for data collection/°  2.34 to 52.72  
Index ranges  -12 ≤ h ≤ 12, -11 ≤ k ≤ 11, -25 ≤ l ≤ 25  
Reflections collected  17949  
Independent reflections  4038 [Rint = 0.1823, Rsigma = 0.1909]  
Data/restraints/parameters  4038/0/146  
Goodness-of-fit on F
2
  4.423  
Final R indexes [I>=2σ (I)]  R1 = 0.8169, wR2 = 0.9379  
Final R indexes [all data]  R1 = 0.8205, wR2 = 0.9543  
Largest diff. peak/hole / e Å
-3
  345.91/-38.00  
 
 
  
Table 2 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement 
Parameters (Å
2
×10
3
) for L1 . Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 
tensor. 
Atom x y z U(eq) 
Br1 7910(20) 4160(20) -1206(9) 17(5) 
O1 2530(110) 11700(130) -1220(100) 100(70) 
146 
N1 390(70) 10680(90) 1440(30) -28(13) 
N2 1270(120) 11290(60) 170(50) 0(30) 
C3 4500(200) 8710(90) -500(30) 70(60) 
C4 3890(120) 9750(70) -1080(40) 30(30) 
C9 -760(130) 13000(300) 880(30) 140(90) 
C8 620(180) 11820(60) 960(50) 20(40) 
C7 2960(140) 9350(70) 180(30) -10(30) 
C2 4790(100) 7250(90) -510(30) -30(17) 
C10 -1340(180) 13790(120) 1600(40) 100(50) 
C1 5830(110) 6780(40) -1200(30) -20(20) 
C6 6270(190) 7490(110) -1650(40) 100(60) 
C11 -2360(160) 12770(130) 1980(40) 10(30) 
C5 5300(300) 9510(80) -1690(60) 410(160) 
C12 -1300(300) 11220(150) 1990(40) 150(90) 
  
Table 3 Anisotropic Displacement Parameters (Å
2
×10
3
) for L1 . The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U12 U13 U23 
Br1 17(8) 38(8) 9(7) -26(7) 26(6) -21(6) 
O1 0(40) 40(50) 270(180) -10(40) -100(70) 200(90) 
N1 -50(20) 10(40) -54(19) 10(30) 22(18) 0(20) 
N2 40(60) -56(16) 0(50) 30(20) 60(50) -20(20) 
C3 300(190) -50(30) -60(20) -20(60) -90(50) 60(30) 
C4 70(70) -40(20) 40(50) 0(30) -120(60) 120(30) 
C9 30(60) 600(300) -86(19) -220(120) 20(30) -40(50) 
C8 90(120) -65(17) 70(60) -20(40) 100(70) -30(30) 
C7 90(90) -40(20) -64(18) -40(40) 10(30) -7(16) 
C2 -50(30) -30(30) -40(30) 40(20) -30(30) 60(30) 
C10 360(140) 100(70) -30(40) -220(90) 160(60) -40(40) 
C1 40(60) -85(10) -30(30) 23(17) -30(40) 2(12) 
C6 350(150) 80(60) 10(40) -230(90) 210(70) -120(50) 
C11 90(80) 40(60) -60(20) -80(70) 50(40) -10(30) 
C5 1000(400) -40(30) 90(70) -20(70) 470(160) 0(30) 
C12 500(300) 100(80) -20(40) -260(140) 200(100) -60(50) 
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Table 4 Bond Lengths for L1 . 
Atom Atom Length/Å   Atom Atom Length/Å 
Br1 C1 2.15(5)   C4 C5 1.52(15) 
O1 C4 1.57(9)   C9 C8 1.16(19) 
N1 C8 1.33(7)   C9 C10 1.39(10) 
N1 C12 1.59(14)   C2 C1 1.43(10) 
N2 C8 1.48(10)   C10 C11 1.55(7) 
N2 C7 1.64(10)   C1 C6 1.12(8) 
C3 C4 1.30(4)   C6 C5 1.56(11) 
C3 C7 1.63(16)   C11 C12 1.23(19) 
C3 C2 1.15(10)         
  
Table 5 Bond Angles for L1 . 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C12 N1 C8 122(7)   C9 C8 N2 104(9) 
C7 N2 C8 110(7)   C3 C7 N2 122(4) 
C7 C3 C4 108(10)   C1 C2 C3 99(7) 
C2 C3 C4 124(6)   C11 C10 C9 106(8) 
C2 C3 C7 99(8)   C2 C1 Br1 114(3) 
C3 C4 O1 137(11)   C6 C1 Br1 105(8) 
C5 C4 O1 102(6)   C6 C1 C2 136(5) 
C5 C4 C3 113(10)   C5 C6 C1 119(7) 
C10 C9 C8 108(9)   C12 C11 C10 108(9) 
N2 C8 N1 120(5)   C6 C5 C4 97(5) 
C9 C8 N1 110(10)   C11 C12 N1 115(4) 
  
Table 6 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters 
(Å
2
×10
3
) for L1 . 
Atom x y z U(eq) 
H1B 2000(4000) 12200(1200) -800(300) 150(100) 
H4B -1370(130) 13400(300) 420(30) 170(110) 
H6B 3050(140) 8590(70) 580(30) -20(30) 
H8B 4440(100) 6580(90) -170(30) -40(20) 
H3B -1160(180) 14720(120) 1810(40) 120(60) 
H10B 7180(190) 6870(110) -2000(40) 120(70) 
H2B -3560(160) 13250(130) 2150(40) 10(40) 
H11B 5600(300) 10320(80) -1980(60) 500(190) 
H1Ba -1500(300) 10420(150) 2310(40) 190(110) 
148 
Number of restraints - 0, number of constraints - 18.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups 
 At 1.5 times of: 
  All O(H) groups 
2.a Aromatic/amide H refined with riding coordinates: 
 C9(H4B), C7(H6B), C2(H8B), C10(H3B), C6(H10B), C11(H2B), C5(H11B), 
C12(H1Ba) 
2.b Idealised tetrahedral OH refined as rotating group: 
 O1(H1B) 
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Crystal Refinement Data for H2L
2
 at 100 (K) 
Table 1 Crystal data and structure refinement  
Identification code  ortho_a  
Empirical formula  C8H8BrN3OS  
Temperature/K  100 (2)  
Crystal system  orthorhombic  
Space group  P212121  
a/Å  4.4200(9)  
b/Å  8.3260(17)  
c/Å  27.508(6)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å
3
  1012.3(4)  
Z  4  
ρcalcg/cm
3
  1.799  
μ/mm-1  4.236  
F(000)  544.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.962 to 56.522  
Index ranges  -5 ≤ h ≤ 5, -11 ≤ k ≤ 11, -36 ≤ l ≤ 36  
Reflections collected  15723  
Independent reflections  2500 [Rint = 0.1342, Rsigma = 0.0728]  
Data/restraints/parameters  2500/0/128  
Goodness-of-fit on F
2
  1.014  
Final R indexes [I>=2σ (I)]  R1 = 0.0544, wR2 = 0.1380  
Final R indexes [all data]  R1 = 0.0572, wR2 = 0.1403  
Largest diff. peak/hole / e Å
-3
  1.71/-0.63  
Flack parameter 0.341(11) 
 
 
  
Table 2 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement 
Parameters (Å
2
×10
3
) for Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 
tensor. 
Atom x y z U(eq) 
Br01 13343.4(16) 1717.8(8) 4375.1(2) 35.5(2) 
S002 -620(4) 8615(2) 2361.6(6) 35.2(4) 
O003 8055(11) 8367(6) 4156.1(17) 36.2(10) 
N004 2816(13) 7264(7) 3021.2(19) 30.4(11) 
N005 4851(13) 7223(6) 3400(2) 30.0(11) 
N006 2280(17) 9988(7) 3098(2) 48.7(17) 
C007 9175(14) 6858(8) 4193(2) 29.3(13) 
150 
C008 6079(14) 5833(8) 3485(2) 27.8(12) 
C009 9546(15) 4085(7) 3934(2) 28.4(12) 
C00A 11609(15) 3813(7) 4298(2) 28.2(12) 
C00B 11288(14) 6551(8) 4560(2) 30.7(13) 
C00C 8291(15) 5611(8) 3874(2) 29.5(12) 
C00D 1643(16) 8637(8) 2860(2) 33.4(13) 
C00E 12494(14) 5031(8) 4620(2) 31.1(13) 
  
Table 3 Anisotropic Displacement Parameters (Å
2
×10
3
) The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Br01 35.4(4) 30.1(4) 40.9(4) 5.7(3) -2.6(3) 0.2(3) 
S002 39.0(9) 29.2(8) 37.3(8) 2.5(6) -9.2(7) -0.8(7) 
O003 39(3) 30(2) 40(2) -3.1(19) -7(2) -3(2) 
N004 30(3) 26(2) 35(3) 1(2) -5(2) -5(2) 
N005 26(3) 28(2) 35(3) 3(2) -3(2) -5(2) 
N006 72(5) 26(3) 49(3) -1(2) -25(3) 10(3) 
C007 25(3) 30(3) 32(3) 1(2) 5(2) -2(2) 
C008 24(3) 28(3) 31(3) -3(2) 0(2) -5(2) 
C009 25(3) 27(3) 33(3) 0(2) 4(3) -8(2) 
C00A 26(3) 23(3) 35(3) 2(2) 2(3) -1(2) 
C00B 25(3) 35(3) 32(3) -4(2) 3(2) -4(3) 
C00C 25(3) 32(3) 32(3) 4(2) 4(3) -4(3) 
C00D 30(3) 32(3) 38(3) 1(3) -1(3) -3(3) 
C00E 24(3) 36(3) 33(3) 5(3) -2(2) -4(3) 
  
Table 4 Bond Lengths  
Atom Atom Length/Å   Atom Atom Length/Å 
Br01 C00A 1.917(6)   C007 C00B 1.398(9) 
S002 C00D 1.698(7)   C007 C00C 1.415(9) 
O003 C007 1.354(8)   C008 C00C 1.461(9) 
N004 N005 1.377(8)   C009 C00A 1.373(9) 
N004 C00D 1.332(9)   C009 C00C 1.396(9) 
N005 C008 1.299(8)   C00A C00E 1.401(9) 
N006 C00D 1.331(9)   C00B C00E 1.384(9) 
  
Table 5 Bond Angles for  
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C00D N004 N005 121.8(5)   C00E C00A Br01 118.5(5) 
C008 N005 N004 115.5(5)   C00E C00B C007 120.7(6) 
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O003 C007 C00B 117.9(6)   C007 C00C C008 123.1(6) 
O003 C007 C00C 122.2(6)   C009 C00C C007 118.9(6) 
C00B C007 C00C 119.9(6)   C009 C00C C008 117.9(6) 
N005 C008 C00C 121.6(6)   N004 C00D S002 119.3(5) 
C00A C009 C00C 120.1(6)   N006 C00D S002 122.1(5) 
C009 C00A Br01 119.7(4)   N006 C00D N004 118.7(6) 
C009 C00A C00E 121.8(6)   C00B C00E C00A 118.6(6) 
  
Table 6 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters 
(Å
2
×10
3
)  
Atom x y z U(eq) 
H003 6776 8395 3940 54 
H004 2288 6378 2885 36 
H00A 3428 9961 3350 58 
H00B 1543 10887 3000 58 
H008 5538 4959 3293 33 
H009 8983 3253 3728 34 
H00C 11889 7378 4765 37 
H00E 13863 4821 4869 37 
     
Refinement model description  
Number of restraints - 0, number of constraints - unknown.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups, All N(H) groups, All N(H,H) groups 
 At 1.5 times of: 
  All O(H) groups 
2.a Aromatic/amide H refined with riding coordinates: 
 N004(H004), C008(H008), C009(H009), C00B(H00C), C00E(H00E) 
2.b X=CH2 refined with riding coordinates: 
 N006(H00A,H00B) 
2.c Idealised tetrahedral OH refined as rotating group: 
 O003(H003) 
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Crystal Refinement Data for [Mn2L2] at 100 (K) 
Table 1 Crystal data and structure refinement for [Mn2L2], 
Identification code  [Mn2L2] 
Empirical formula  C48H63Mn2N16O6.5S4  
Formula weight  1206.26  
Temperature/K  293(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  12.464(3)  
b/Å  18.607(4)  
c/Å  27.013(5)  
α/°  96.83(3)  
β/°  101.34(3)  
γ/°  106.97(3)  
Volume/Å
3
  5770(2)  
Z  4  
ρcalcg/cm
3
  1.389  
μ/mm-1  0.644  
F(000)  2516.0  
Crystal size/mm
3
  ? × ? × ?  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  1.566 to 52.744  
Index ranges  -15 ≤ h ≤ 15, -23 ≤ k ≤ 23, -33 ≤ l ≤ 33  
Reflections collected  75595  
Independent reflections  21598 [Rint = 0.1079, Rsigma = 0.0955]  
Data/restraints/parameters  21598/0/1374  
Goodness-of-fit on F
2
  1.150  
Final R indexes [I>=2σ (I)]  R1 = 0.1159, wR2 = 0.3182  
Final R indexes [all data]  R1 = 0.1686, wR2 = 0.3585  
Largest diff. peak/hole / e Å
-3
  3.79/-0.64  
 
 
  
Table 2 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement 
Parameters (Å
2
×10
3
) Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Mn01 11842.3(10) 7129.0(7) 3776.4(5) 48.8(3) 
Mn02 7076.9(10) 7989.1(7) 3227.2(5) 48.4(3) 
Mn03 3272.3(11) 4375.9(7) 2233.3(5) 49.8(3) 
Mn04 10964.8(11) 8024.3(8) 1355.8(5) 54.0(4) 
S005 3427.5(17) 7157.7(12) 2251.0(9) 51.7(5) 
S006 10684.1(18) 5683.1(12) 2193.2(8) 51.8(5) 
S007 9230.7(18) 5962.2(12) 1976.0(9) 53.2(5) 
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S008 7642.1(18) 5699.9(13) 3077.2(10) 56.9(6) 
S009 3707.3(19) 6576.4(13) 1637.5(9) 54.6(5) 
S00A 13523.3(19) 9306.8(13) 2869.1(9) 56.8(5) 
S00B 6526.2(18) 5259.3(14) 3509.1(9) 57.7(5) 
S00C 12304(2) 9386.2(13) 3257.7(9) 59.7(6) 
O00D 7384(4) 8974(3) 3061(2) 51.4(13) 
O00E 8116(4) 8431(3) 3876(2) 53.1(14) 
O00F 3378(5) 3379(3) 2165(2) 57.8(15) 
O00G 11001(5) 6346(3) 4077(2) 59.1(15) 
O00H 1641(5) 3899(3) 2044(2) 56.7(14) 
O00I 10789(5) 7574(3) 655(2) 60.7(15) 
O00J 10865(5) 8963(3) 1148(2) 60.9(15) 
O00K 12983(5) 7547(4) 4417(2) 65.9(17) 
N00L 3252(5) 4541(4) 2959(2) 47.3(15) 
N00M 3211(6) 5397(4) 2182(3) 48.9(15) 
N00N 6974(5) 6959(4) 3349(3) 51.6(16) 
N00O 4695(5) 7814(4) 3167(3) 49.7(16) 
N00P 10882(6) 7760(4) 3900(3) 52.9(17) 
N00Q 5775(5) 8085(4) 3508(3) 49.1(16) 
N00R 8219(5) 7777(4) 2871(3) 47.9(15) 
N00S 4309(6) 4847(4) 3322(3) 55.2(17) 
N00T 3693(7) 5175(4) 1411(3) 58.9(19) 
N00U 8377(6) 7056(4) 2881(3) 52.7(17) 
N00V 12751(6) 6513(4) 3535(3) 49.7(16) 
N00W 12542(6) 8015(4) 3506(3) 57.5(18) 
N00X 11089(6) 8437(4) 3712(3) 54.3(17) 
N00Y 12330(6) 6127(4) 3032(3) 51.1(16) 
N00Z 12652(6) 8354(4) 1454(3) 51.8(16) 
N010 7994(6) 4800(4) 4711(3) 61.0(19) 
N011 10844(5) 6639(4) 3090(3) 48.1(15) 
N012 4921(6) 4791(4) 2563(3) 53.4(17) 
N013 9282(6) 7674(4) 1300(3) 57.4(18) 
N014 3551(6) 4457(4) 1538(3) 54.3(17) 
N015 10730(6) 7046(4) 1584(3) 54.8(17) 
N016 5798(5) 7551(4) 2615(3) 50.5(16) 
N017 8846(6) 7038(4) 1508(3) 61.0(19) 
N018 11528(6) 8543(4) 2094(3) 55.8(17) 
N019 13331(6) 8846(4) 1906(3) 54.7(17) 
N01A 9756(6) 9478(4) 5643(3) 58.5(18) 
N01B 3736(7) 1008(4) 1537(3) 65(2) 
C01C 3509(7) 5622(5) 1778(3) 51.3(19) 
N01D 8599(9) 11105(5) 2258(4) 89(3) 
C01E 9973(6) 7573(5) 4102(3) 50.4(19) 
C01F 3549(7) 2951(5) 1775(3) 52(2) 
C01G 4794(6) 7529(4) 2714(3) 45.1(18) 
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C01H 9580(7) 6897(5) 4284(3) 52(2) 
C01I 8542(7) 5480(5) 4589(3) 54(2) 
O01J 5266(8) 5683(5) 803(4) 98(2) 
C01K 10062(7) 6274(5) 4247(3) 50.0(19) 
C01L 11973(7) 8524(5) 3505(3) 56(2) 
C01M 8782(7) 8217(5) 2596(3) 57(2) 
C01N 9686(7) 6758(5) 1668(3) 54(2) 
C01O 6838(6) 8700(4) 4383(3) 46.8(18) 
C01P 7654(7) 6674(5) 3116(3) 53(2) 
C01Q 8618(8) 6768(5) 4517(3) 59(2) 
C01R 5123(7) 4945(5) 3070(3) 50.2(19) 
C01S 8014(7) 9296(5) 2755(3) 52(2) 
N01T -2370(7) 3360(5) 2072(3) 78(2) 
C01U 7949(7) 8685(4) 4324(3) 49.4(19) 
C01V 3563(7) 2232(5) 1830(3) 50.3(19) 
C01W 13716(7) 6463(5) 3801(3) 52(2) 
C01X 850(7) 3917(5) 2306(4) 56(2) 
C01Y 7989(8) 10015(5) 2656(4) 62(2) 
C01Z 8732(7) 8941(5) 2517(3) 53(2) 
O020 13356(8) 9136(5) 4710(4) 100(2) 
C021 3701(7) 3205(5) 1318(3) 51.0(19) 
N022 9404(8) 10816(5) 461(4) 78(2) 
C023 14248(7) 6812(5) 4322(3) 53(2) 
C024 5829(7) 8408(5) 3980(3) 54(2) 
C025 2312(7) 4511(5) 3128(3) 56(2) 
C026 12671(8) 8851(5) 2230(3) 54(2) 
C027 13856(7) 7322(5) 4617(3) 56(2) 
C028 1170(7) 4250(5) 2837(3) 54(2) 
C029 6784(7) 9027(5) 4876(3) 54(2) 
N02A 15914(7) 7742(7) 5892(3) 90(3) 
C02B 9503(7) 5590(5) 4363(3) 54(2) 
C02C 3889(8) 1978(5) 994(4) 62(2) 
C02D 11502(8) 7230(5) 495(3) 55(2) 
C02E 10152(8) 9855(5) 797(4) 60(2) 
C02F 12701(9) 7543(5) 704(4) 61(2) 
C02G 9730(8) 9877(5) 6150(4) 61(2) 
C02H 8886(7) 8926(5) 4745(3) 52(2) 
C02I 9311(8) 9320(5) 2194(3) 59(2) 
C02J 3895(8) 2692(5) 929(3) 58(2) 
C02K 8140(7) 6117(5) 4666(3) 57(2) 
C02L 3733(7) 3950(5) 1226(4) 59(2) 
C02M 3732(7) 1721(5) 1458(3) 55(2) 
C02N 2415(8) 548(5) 2093(4) 65(2) 
C02O 7719(7) 9284(5) 5292(4) 55(2) 
O02P 5003(8) 5838(5) -255(4) 102(3) 
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N02Q 11273(7) 5510(5) -419(3) 78(2) 
C02R 9969(8) 9141(5) 933(4) 60(2) 
C02S 11031(9) 6585(6) 107(4) 67(2) 
C02T 13231(8) 8093(5) 1135(3) 56(2) 
C02U 15232(7) 6638(6) 4580(4) 64(2) 
O02V 14857(9) 9891(6) 5694(4) 118(3) 
C02W 8320(9) 4123(5) 4608(4) 66(2) 
C02X 11324(7) 6208(4) 2837(3) 47.0(18) 
C02Y 3654(8) 792(5) 2024(4) 64(2) 
C02Z 8822(7) 9226(5) 5241(4) 55(2) 
C030 11741(9) 6210(6) -71(4) 71(3) 
C031 8543(8) 7950(5) 1043(4) 62(2) 
C032 9307(8) 10028(5) 2103(4) 62(2) 
C033 6968(8) 4688(6) 4914(4) 64(2) 
C034 10839(7) 9319(5) 5606(4) 63(2) 
C035 -1210(8) 3666(6) 2309(4) 68(3) 
C036 8638(9) 10396(6) 2337(4) 69(3) 
C037 14430(8) 7616(6) 5138(4) 64(2) 
C038 -337(8) 3609(5) 2050(4) 59(2) 
C039 9235(9) 10118(6) 572(4) 73(3) 
C03A 15378(8) 7446(6) 5384(4) 68(3) 
C03B 9277(8) 9313(6) 6478(4) 70(3) 
O03C 13591(9) 9852(6) 6483(4) 110(3) 
C03D 13407(8) 7161(6) 485(4) 64(2) 
C03E 8809(8) 8626(6) 853(4) 69(3) 
C03F -878(7) 4048(6) 2822(4) 68(3) 
C03G 9437(11) 11596(6) 2012(5) 87(4) 
C03H 15734(9) 6918(7) 5083(4) 80(3) 
C03I 264(8) 4307(6) 3081(4) 70(3) 
C03K 10781(9) 8492(6) 5609(4) 72(3) 
C03L 12956(9) 6527(6) 123(4) 74(3) 
C03M 7238(9) 4992(6) 5479(4) 72(3) 
C03N -3271(8) 3593(6) 2280(4) 76(3) 
C03O 8101(11) 9592(7) 469(5) 86(3) 
C03P 3683(11) 400(6) 1112(5) 82(3) 
C03Q -2784(9) 2863(7) 1561(5) 85(3) 
C03R 9983(10) 5173(6) -626(4) 74(3) 
C03S 7864(10) 8873(7) 600(5) 82(3) 
C03T 7744(10) 3687(6) 4056(4) 76(3) 
C03U 10610(11) 11969(7) 2340(5) 90(4) 
C03V 10593(10) 11408(7) 604(6) 100(4) 
C03W 9578(11) 5546(6) -1022(4) 84(3) 
C03X 8445(11) 10994(7) 105(5) 83(3) 
C03Y 15748(9) 8459(7) 6170(4) 87(3) 
C03Z 11967(10) 5059(7) -592(4) 81(3) 
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C040 16743(12) 7478(9) 6171(5) 104(4) 
C041 7729(11) 11333(8) 388(6) 101(4) 
C042 7798(12) 11448(7) 2486(6) 98(4) 
C043 14831(12) 8216(8) 6451(5) 101(4) 
C044 4814(13) 312(8) 1106(6) 114(5) 
C045 10648(14) 12205(8) 736(7) 125(5) 
C046 -3735(10) 3091(7) 2643(5) 92(4) 
C047 12200(13) 4514(8) -246(6) 110(5) 
C048 16295(16) 6783(9) 6275(7) 145(7) 
C049 -2849(12) 3275(10) 1153(6) 116(5) 
C04C 8266(16) 11819(10) 2988(7) 149(6) 
  
Table 3 Anisotropic Displacement Parameters (Å
2
×10
3
) The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Mn01 48.1(7) 58.6(8) 45.9(7) 5.7(5) 15.4(5) 25.5(6) 
Mn02 39.4(6) 57.4(8) 54.3(7) 6.0(6) 17.7(5) 21.9(6) 
Mn03 50.4(7) 54.1(8) 48.9(7) 5.1(5) 15.2(6) 22.7(6) 
Mn04 54.1(7) 59.3(8) 52.0(8) 7.7(6) 12.7(6) 24.9(6) 
S005 42.6(10) 57.5(12) 57.9(13) 6.8(9) 11.1(9) 22.9(9) 
S006 50.6(11) 55.9(12) 51.8(12) 2.1(9) 11.5(9) 25.4(10) 
S007 47.6(11) 56.8(13) 57.5(13) 8.4(9) 13.2(9) 20.7(10) 
S008 45.5(11) 57.1(13) 74.0(15) 10.6(10) 19.7(10) 23(1) 
S009 56.7(12) 56.8(13) 56.8(13) 11.9(10) 17.8(10) 25(1) 
S00A 56.5(12) 62.0(13) 49.8(12) 3.1(10) 14.9(10) 17.7(10) 
S00B 46.9(11) 65.9(14) 60.8(14) 13.7(10) 9.9(10) 20.6(10) 
S00C 71.3(14) 54.9(13) 57.7(13) 5(1) 25.8(11) 23.2(11) 
O00D 40(3) 54(3) 64(4) 7(3) 25(3) 15(2) 
O00E 42(3) 71(4) 54(3) 4(3) 18(3) 28(3) 
O00F 70(4) 61(4) 48(3) 9(3) 20(3) 28(3) 
O00G 68(4) 66(4) 64(4) 22(3) 33(3) 38(3) 
O00H 51(3) 61(4) 52(3) -2(3) 8(3) 17(3) 
O00I 61(4) 66(4) 54(4) 8(3) 10(3) 23(3) 
O00J 55(3) 63(4) 72(4) 19(3) 17(3) 25(3) 
O00K 69(4) 83(4) 52(4) 0(3) 11(3) 42(3) 
N00L 41(3) 55(4) 45(4) 4(3) 10(3) 17(3) 
N00M 47(4) 57(4) 48(4) 14(3) 12(3) 23(3) 
N00N 33(3) 61(4) 63(4) 6(3) 13(3) 21(3) 
N00O 33(3) 58(4) 63(4) 9(3) 18(3) 18(3) 
N00P 60(4) 62(4) 46(4) 12(3) 18(3) 30(4) 
N00Q 40(3) 56(4) 55(4) 9(3) 16(3) 20(3) 
N00R 43(3) 53(4) 53(4) 5(3) 17(3) 21(3) 
N00S 49(4) 64(5) 54(4) 3(3) 17(3) 21(3) 
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N00T 82(5) 62(5) 51(4) 19(3) 34(4) 36(4) 
N00U 43(4) 54(4) 63(4) 4(3) 18(3) 20(3) 
N00V 45(4) 58(4) 47(4) 3(3) 13(3) 19(3) 
N00W 48(4) 59(4) 62(5) -7(3) 10(3) 21(3) 
N00X 55(4) 55(4) 64(5) 9(3) 24(3) 28(3) 
N00Y 51(4) 61(4) 50(4) 8(3) 17(3) 29(3) 
N00Z 54(4) 55(4) 50(4) 6(3) 14(3) 24(3) 
N010 58(4) 62(5) 65(5) 9(4) 18(4) 21(4) 
N011 43(3) 54(4) 50(4) 2(3) 13(3) 21(3) 
N012 47(4) 60(4) 54(4) 6(3) 9(3) 23(3) 
N013 52(4) 60(5) 63(5) 10(4) 16(4) 22(4) 
N014 60(4) 59(4) 49(4) 5(3) 15(3) 28(4) 
N015 49(4) 57(4) 60(4) 3(3) 15(3) 21(3) 
N016 40(3) 56(4) 57(4) 10(3) 14(3) 17(3) 
N017 47(4) 66(5) 73(5) 14(4) 11(4) 24(4) 
N018 51(4) 65(5) 59(4) 9(3) 18(3) 28(4) 
N019 67(4) 55(4) 46(4) 4(3) 14(3) 28(4) 
N01A 50(4) 67(5) 59(5) -2(3) 22(3) 19(3) 
N01B 76(5) 56(5) 72(5) 6(4) 34(4) 30(4) 
C01C 50(4) 50(5) 58(5) 3(4) 16(4) 21(4) 
N01D 124(8) 69(6) 108(8) 30(5) 63(7) 53(6) 
C01E 40(4) 58(5) 56(5) 3(4) 15(4) 20(4) 
C01F 41(4) 57(5) 53(5) 2(4) 9(4) 10(4) 
C01G 32(4) 50(5) 56(5) 9(4) 15(3) 16(3) 
C01H 49(4) 59(5) 49(5) -4(4) 10(4) 27(4) 
C01I 46(4) 64(6) 52(5) 9(4) 11(4) 18(4) 
C01K 59(5) 59(5) 42(4) 7(4) 21(4) 28(4) 
C01L 56(5) 58(5) 54(5) 0(4) 13(4) 25(4) 
C01M 50(5) 68(6) 55(5) -4(4) 19(4) 25(4) 
C01N 53(5) 51(5) 54(5) 0(4) 10(4) 18(4) 
C01O 33(4) 51(5) 58(5) 5(4) 17(3) 14(3) 
C01P 38(4) 60(5) 61(5) -1(4) 17(4) 18(4) 
C01Q 57(5) 68(6) 60(6) 3(4) 22(4) 30(5) 
C01R 48(4) 46(5) 58(5) 4(4) 17(4) 18(4) 
C01S 49(4) 58(5) 52(5) 5(4) 16(4) 21(4) 
N01T 68(5) 91(6) 66(6) 4(5) 9(4) 22(5) 
C01U 45(4) 45(4) 62(5) 6(4) 20(4) 18(4) 
C01V 46(4) 49(5) 56(5) 7(4) 13(4) 17(4) 
C01W 43(4) 65(5) 54(5) 10(4) 16(4) 24(4) 
C01X 51(5) 50(5) 74(6) 13(4) 27(4) 18(4) 
C01Y 74(6) 58(5) 69(6) 16(4) 37(5) 30(5) 
C01Z 51(5) 59(5) 60(5) 6(4) 21(4) 29(4) 
C021 51(5) 49(5) 50(5) 0(4) 16(4) 14(4) 
N022 73(6) 74(6) 97(7) 33(5) 20(5) 34(5) 
C023 46(4) 58(5) 60(5) 18(4) 20(4) 18(4) 
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C024 48(4) 63(5) 63(5) 11(4) 29(4) 27(4) 
C025 57(5) 63(5) 46(5) 1(4) 18(4) 15(4) 
C026 58(5) 49(5) 59(5) 6(4) 22(4) 20(4) 
C027 52(5) 63(5) 54(5) 11(4) 22(4) 15(4) 
C028 42(4) 66(6) 52(5) 6(4) 11(4) 15(4) 
C029 45(4) 60(5) 64(6) 4(4) 24(4) 21(4) 
N02A 57(5) 154(9) 57(5) 8(6) 2(4) 41(6) 
C02B 55(5) 66(6) 50(5) 8(4) 14(4) 33(4) 
C02C 69(6) 62(6) 57(5) -4(4) 25(5) 23(5) 
C02D 66(5) 53(5) 52(5) 12(4) 21(4) 23(4) 
C02E 60(5) 63(6) 64(6) 16(4) 18(4) 25(5) 
C02F 73(6) 66(6) 58(5) 17(4) 31(5) 31(5) 
C02G 48(5) 70(6) 60(6) -1(4) 11(4) 20(4) 
C02H 42(4) 60(5) 60(5) 5(4) 19(4) 23(4) 
C02I 62(5) 65(6) 58(5) 3(4) 27(4) 27(5) 
C02J 70(6) 56(5) 52(5) 8(4) 22(4) 23(5) 
C02K 43(4) 72(6) 60(5) 6(4) 17(4) 26(4) 
C02L 54(5) 70(6) 51(5) 0(4) 14(4) 22(4) 
C02M 50(5) 49(5) 61(5) 6(4) 18(4) 10(4) 
C02N 66(6) 54(5) 79(7) 10(5) 25(5) 22(5) 
C02O 48(4) 57(5) 66(6) -2(4) 26(4) 20(4) 
N02Q 69(5) 87(6) 65(5) -10(4) 13(4) 18(5) 
C02R 64(6) 65(6) 57(5) 16(4) 16(4) 29(5) 
C02S 69(6) 82(7) 53(6) 9(5) 16(5) 29(5) 
C02T 66(5) 58(5) 52(5) 9(4) 18(4) 29(4) 
C02U 42(4) 89(7) 61(6) 5(5) 14(4) 22(5) 
C02W 72(6) 63(6) 73(7) 16(5) 25(5) 30(5) 
C02X 50(4) 49(5) 45(4) 3(3) 16(4) 20(4) 
C02Y 71(6) 59(6) 70(6) 11(4) 24(5) 28(5) 
C02Z 51(5) 51(5) 62(5) -3(4) 12(4) 20(4) 
C030 79(7) 92(7) 47(5) -3(5) 21(5) 37(6) 
C031 57(5) 61(6) 63(6) 12(4) 8(4) 18(5) 
C032 75(6) 60(6) 59(6) 10(4) 30(5) 23(5) 
C033 57(5) 76(6) 65(6) 15(5) 23(5) 24(5) 
C034 49(5) 77(6) 62(6) -2(5) 9(4) 27(5) 
C035 47(5) 67(6) 88(8) 14(5) 16(5) 18(4) 
C036 81(7) 66(6) 68(6) 13(5) 30(5) 27(5) 
C037 52(5) 87(7) 51(5) 3(5) 12(4) 24(5) 
C038 59(5) 52(5) 61(6) 2(4) 12(4) 17(4) 
C039 66(6) 69(7) 81(7) 23(5) 11(5) 20(5) 
C03A 57(5) 91(7) 50(5) 3(5) 14(4) 18(5) 
C03B 64(6) 87(7) 66(6) 8(5) 24(5) 32(5) 
C03D 60(5) 76(6) 59(6) 1(5) 26(4) 25(5) 
C03E 60(6) 71(6) 75(7) 7(5) 11(5) 30(5) 
C03F 36(4) 96(7) 67(6) 3(5) 13(4) 18(5) 
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C03G 116(10) 67(7) 108(9) 26(6) 64(8) 44(7) 
C03H 58(6) 121(9) 59(6) 9(6) 5(5) 37(6) 
C03I 59(5) 88(7) 63(6) 4(5) 20(5) 23(5) 
C03K 68(6) 77(7) 76(7) 4(5) 12(5) 37(5) 
C03L 72(6) 88(7) 67(6) -1(5) 31(5) 31(6) 
C03M 81(7) 70(6) 65(6) 11(5) 21(5) 25(5) 
C03N 46(5) 90(8) 85(7) -3(6) 15(5) 18(5) 
C03O 86(8) 93(9) 91(9) 36(7) 12(6) 44(7) 
C03P 116(9) 52(6) 90(8) 6(5) 55(7) 27(6) 
C03Q 59(6) 98(8) 108(10) 24(7) 29(6) 34(6) 
C03R 86(7) 68(6) 64(6) 2(5) 18(5) 21(6) 
C03S 69(7) 83(8) 94(9) 32(6) 8(6) 27(6) 
C03T 78(7) 62(6) 81(7) 5(5) 14(6) 19(5) 
C03U 95(9) 80(8) 118(10) 29(7) 52(8) 39(7) 
C03V 83(8) 92(9) 152(13) 67(9) 41(8) 46(7) 
C03W 112(9) 85(8) 64(7) 8(5) 22(6) 47(7) 
C03X 97(8) 84(7) 83(8) 26(6) 24(6) 45(7) 
C03Y 59(6) 121(10) 56(6) -6(6) 1(5) 10(6) 
C03Z 78(7) 93(8) 72(7) -4(6) 27(6) 30(6) 
C040 84(8) 126(12) 83(9) -1(8) -6(7) 32(8) 
C041 85(8) 108(10) 125(12) 48(8) 30(8) 39(8) 
C043 115(10) 125(11) 65(7) -7(7) 32(7) 45(8) 
C044 145(12) 109(10) 122(11) 3(8) 67(10) 77(9) 
C045 113(11) 101(11) 132(14) 1(9) 11(10) 12(9) 
C046 70(7) 104(9) 95(9) 6(7) 18(6) 24(6) 
C047 115(10) 101(9) 152(14) 38(9) 73(10) 61(8) 
C048 153(15) 85(10) 154(16) 35(10) -28(12) 14(10) 
C049 86(9) 165(15) 96(10) 29(10) 34(8) 29(9) 
  
Table 4 Bond Lengths  
Atom Atom Length/Å   Atom Atom Length/Å 
Mn01 O00G 1.898(6)   N01D C03G 1.492(14) 
Mn01 O00K 1.921(6)   N01D C042 1.518(16) 
Mn01 N00P 1.951(7)   C01E C01H 1.396(12) 
Mn01 N00V 1.973(6)   C01F C01V 1.367(12) 
Mn01 N00W 1.928(8)   C01F C021 1.402(12) 
Mn01 N011 1.961(7)   C01H C01K 1.455(11) 
Mn02 O00D 1.887(6)   C01H C01Q 1.434(11) 
Mn02 O00E 1.889(6)   C01I C02B 1.421(11) 
Mn02 N00N 1.955(7)   C01I C02K 1.424(12) 
Mn02 N00Q 1.964(6)   C01K C02B 1.367(12) 
Mn02 N00R 1.971(6)   C01M C01Z 1.406(12) 
Mn02 N016 1.955(7)   C01O C01U 1.432(10) 
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Mn03 O00F 1.888(6)   C01O C024 1.409(12) 
Mn03 O00H 1.901(6)   C01O C029 1.420(11) 
Mn03 N00L 1.954(7)   C01Q C02K 1.332(12) 
Mn03 N00M 1.943(7)   C01S C01Y 1.404(12) 
Mn03 N012 1.950(7)   C01S C01Z 1.456(10) 
Mn03 N014 1.992(7)   N01T C035 1.376(12) 
Mn04 O00I 1.919(6)   N01T C03N 1.496(13) 
Mn04 O00J 1.926(6)   N01T C03Q 1.471(15) 
Mn04 N00Z 1.964(7)   C01U C02H 1.382(12) 
Mn04 N013 1.976(7)   C01V C02M 1.392(11) 
Mn04 N015 1.951(7)   C01W C023 1.417(12) 
Mn04 N018 1.999(7)   C01X C028 1.422(13) 
S005 S009 2.015(3)   C01X C038 1.415(12) 
S005 C01G 1.792(8)   C01Y C036 1.409(13) 
S006 S007 2.025(3)   C01Z C02I 1.371(12) 
S006 C02X 1.791(8)   C021 C02J 1.438(11) 
S007 C01N 1.786(9)   C021 C02L 1.429(12) 
S008 S00B 2.041(3)   N022 C039 1.335(13) 
S008 C01P 1.798(9)   N022 C03V 1.510(15) 
S009 C01C 1.816(9)   N022 C03X 1.521(14) 
S00A S00C 2.038(3)   C023 C027 1.420(12) 
S00A C026 1.798(9)   C023 C02U 1.431(12) 
S00B C01R 1.798(9)   C025 C028 1.395(12) 
S00C C01L 1.780(10)   C027 C037 1.409(13) 
O00D C01S 1.326(10)   C028 C03I 1.437(12) 
O00E C01U 1.324(9)   C029 C02O 1.371(12) 
O00F C01F 1.331(10)   N02A C03A 1.370(13) 
O00G C01K 1.317(9)   N02A C03Y 1.541(16) 
O00H C01X 1.327(10)   N02A C040 1.398(16) 
O00I C02D 1.343(10)   C02C C02J 1.360(13) 
O00J C02R 1.305(10)   C02C C02M 1.421(13) 
O00K C027 1.318(11)   C02D C02F 1.405(13) 
N00L N00S 1.394(9)   C02D C02S 1.389(13) 
N00L C025 1.328(10)   C02E C02R 1.389(13) 
N00M C01C 1.298(11)   C02E C039 1.427(13) 
N00N C01P 1.339(9)   C02F C02T 1.362(13) 
N00O N00Q 1.386(9)   C02F C03D 1.448(12) 
N00O C01G 1.318(10)   C02G C03B 1.508(13) 
N00P N00X 1.388(10)   C02H C02Z 1.415(12) 
N00P C01E 1.327(10)   C02I C032 1.369(13) 
N00Q C024 1.325(10)   C02N C02Y 1.533(13) 
N00R N00U 1.416(9)   C02O C02Z 1.442(11) 
N00R C01M 1.314(11)   N02Q C030 1.404(12) 
N00S C01R 1.312(10)   N02Q C03R 1.505(13) 
N00T N014 1.389(10)   N02Q C03Z 1.471(13) 
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N00T C01C 1.315(10)   C02R C03E 1.439(13) 
N00U C01P 1.295(10)   C02S C030 1.396(13) 
N00V N00Y 1.380(9)   C02U C03H 1.346(14) 
N00V C01W 1.309(10)   C02W C03T 1.532(14) 
N00W C01L 1.339(10)   C030 C03L 1.417(14) 
N00X C01L 1.308(11)   C031 C03E 1.392(14) 
N00Y C02X 1.320(10)   C032 C036 1.415(13) 
N00Z N019 1.386(10)   C033 C03M 1.499(13) 
N00Z C02T 1.361(10)   C034 C03K 1.521(13) 
N010 C01I 1.364(11)   C035 C038 1.426(13) 
N010 C02W 1.444(12)   C035 C03F 1.403(14) 
N010 C033 1.459(11)   C037 C03A 1.377(14) 
N011 C02X 1.334(9)   C039 C03O 1.416(15) 
N012 C01R 1.323(11)   C03A C03H 1.426(14) 
N013 N017 1.382(10)   C03D C03L 1.336(13) 
N013 C031 1.304(11)   C03E C03S 1.462(14) 
N014 C02L 1.289(10)   C03F C03I 1.369(13) 
N015 C01N 1.330(11)   C03G C03U 1.468(17) 
N016 C01G 1.319(9)   C03N C046 1.515(16) 
N017 C01N 1.324(11)   C03O C03S 1.387(15) 
N018 C026 1.326(11)   C03P C044 1.470(17) 
N019 C026 1.315(11)   C03Q C049 1.420(17) 
N01A C02G 1.490(11)   C03R C03W 1.431(15) 
N01A C02Z 1.349(11)   C03V C045 1.462(18) 
N01A C034 1.483(10)   C03X C041 1.503(17) 
N01B C02M 1.369(11)   C03Y C043 1.487(15) 
N01B C02Y 1.436(12)   C03Z C047 1.508(17) 
N01B C03P 1.489(12)   C040 C048 1.337(18) 
N01D C036 1.373(13)   C042 C04C 1.37(2) 
  
Table 5 Bond Angles  
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O00G Mn01 O00K 90.3(3)   N010 C01I C02K 120.7(8) 
O00G Mn01 N00P 92.0(3)   C02B C01I C02K 116.3(8) 
O00G Mn01 N00V 93.6(3)   O00G C01K C01H 120.9(8) 
O00G Mn01 N00W 170.8(3)   O00G C01K C02B 119.2(7) 
O00G Mn01 N011 91.5(3)   C02B C01K C01H 119.8(7) 
O00K Mn01 N00P 95.9(3)   N00W C01L S00C 126.8(7) 
O00K Mn01 N00V 91.5(3)   N00X C01L S00C 111.8(6) 
O00K Mn01 N00W 89.9(3)   N00X C01L N00W 121.4(9) 
O00K Mn01 N011 171.6(3)   N00R C01M C01Z 127.1(7) 
N00P Mn01 N00V 170.7(3)   N015 C01N S007 126.2(7) 
N00P Mn01 N011 92.3(3)   N017 C01N S007 112.6(7) 
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N00W Mn01 N00P 78.8(3)   N017 C01N N015 121.2(8) 
N00W Mn01 N00V 95.6(3)   C024 C01O C01U 123.1(7) 
N00W Mn01 N011 89.7(3)   C024 C01O C029 120.1(7) 
N011 Mn01 N00V 80.2(3)   C029 C01O C01U 116.8(7) 
O00D Mn02 O00E 88.7(3)   N00N C01P S008 123.7(6) 
O00D Mn02 N00N 170.4(2)   N00U C01P S008 111.8(6) 
O00D Mn02 N00Q 92.2(3)   N00U C01P N00N 124.4(8) 
O00D Mn02 N00R 91.2(3)   C02K C01Q C01H 123.8(8) 
O00D Mn02 N016 91.9(3)   N00S C01R S00B 110.5(6) 
O00E Mn02 N00N 91.3(3)   N00S C01R N012 124.0(8) 
O00E Mn02 N00Q 90.8(3)   N012 C01R S00B 125.4(6) 
O00E Mn02 N00R 96.6(3)   O00D C01S C01Y 118.3(7) 
O00E Mn02 N016 170.2(2)   O00D C01S C01Z 123.3(7) 
N00N Mn02 N00Q 97.4(3)   C01Y C01S C01Z 118.4(8) 
N00N Mn02 N00R 79.3(3)   C035 N01T C03N 122.4(9) 
N00N Mn02 N016 89.7(3)   C035 N01T C03Q 121.5(9) 
N00Q Mn02 N00R 171.9(3)   C03Q N01T C03N 115.6(8) 
N016 Mn02 N00Q 79.4(3)   O00E C01U C01O 122.2(7) 
N016 Mn02 N00R 93.2(3)   O00E C01U C02H 117.8(7) 
O00F Mn03 O00H 86.6(3)   C02H C01U C01O 120.1(7) 
O00F Mn03 N00L 99.0(3)   C01F C01V C02M 124.2(8) 
O00F Mn03 N00M 169.8(3)   N00V C01W C023 125.3(7) 
O00F Mn03 N012 89.6(3)   O00H C01X C028 121.4(8) 
O00F Mn03 N014 90.8(3)   O00H C01X C038 119.4(8) 
O00H Mn03 N00L 90.6(3)   C038 C01X C028 119.2(8) 
O00H Mn03 N00M 94.8(3)   C01S C01Y C036 121.8(8) 
O00H Mn03 N012 168.0(3)   C01M C01Z C01S 121.1(8) 
O00H Mn03 N014 99.2(3)   C02I C01Z C01M 121.2(7) 
N00L Mn03 N014 166.5(3)   C02I C01Z C01S 117.6(8) 
N00M Mn03 N00L 91.1(3)   C01F C021 C02J 117.5(8) 
N00M Mn03 N012 90.9(3)   C01F C021 C02L 124.2(8) 
N00M Mn03 N014 79.0(3)   C02L C021 C02J 118.3(8) 
N012 Mn03 N00L 78.6(3)   C039 N022 C03V 121.3(9) 
N012 Mn03 N014 92.3(3)   C039 N022 C03X 120.5(9) 
O00I Mn04 O00J 90.4(3)   C03V N022 C03X 117.4(8) 
O00I Mn04 N00Z 89.5(3)   C01W C023 C027 124.3(8) 
O00I Mn04 N013 93.3(3)   C01W C023 C02U 119.0(8) 
O00I Mn04 N015 93.0(3)   C027 C023 C02U 116.6(8) 
O00I Mn04 N018 167.0(3)   N00Q C024 C01O 125.3(7) 
O00J Mn04 N00Z 92.5(3)   N00L C025 C028 127.0(8) 
O00J Mn04 N013 89.9(3)   N018 C026 S00A 125.6(6) 
O00J Mn04 N015 167.6(3)   N019 C026 S00A 111.1(7) 
O00J Mn04 N018 91.0(3)   N019 C026 N018 123.3(8) 
N00Z Mn04 N013 176.4(3)   O00K C027 C023 122.3(8) 
N00Z Mn04 N018 77.6(3)   O00K C027 C037 118.3(8) 
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N013 Mn04 N018 99.6(3)   C037 C027 C023 119.4(8) 
N015 Mn04 N00Z 99.4(3)   C01X C028 C03I 117.7(8) 
N015 Mn04 N013 78.1(3)   C025 C028 C01X 122.9(8) 
N015 Mn04 N018 88.3(3)   C025 C028 C03I 119.3(8) 
C01G S005 S009 105.9(3)   C02O C029 C01O 123.1(7) 
C02X S006 S007 104.2(3)   C03A N02A C03Y 121.1(9) 
C01N S007 S006 103.6(3)   C03A N02A C040 122.8(11) 
C01P S008 S00B 103.6(3)   C040 N02A C03Y 115.7(10) 
C01C S009 S005 104.3(3)   C01K C02B C01I 123.0(8) 
C026 S00A S00C 102.8(3)   C02J C02C C02M 121.1(8) 
C01R S00B S008 104.4(3)   O00I C02D C02F 119.9(8) 
C01L S00C S00A 103.9(3)   O00I C02D C02S 118.7(8) 
C01S O00D Mn02 130.5(5)   C02S C02D C02F 121.4(8) 
C01U O00E Mn02 131.6(5)   C02R C02E C039 123.1(9) 
C01F O00F Mn03 130.5(6)   C02D C02F C03D 116.0(8) 
C01K O00G Mn01 130.7(5)   C02T C02F C02D 125.7(8) 
C01X O00H Mn03 130.5(6)   C02T C02F C03D 117.6(9) 
C02D O00I Mn04 124.6(6)   N01A C02G C03B 111.2(7) 
C02R O00J Mn04 130.5(6)   C01U C02H C02Z 122.9(7) 
C027 O00K Mn01 129.1(6)   C032 C02I C01Z 124.2(8) 
N00S N00L Mn03 118.0(5)   C02C C02J C021 121.3(8) 
C025 N00L Mn03 124.3(6)   C01Q C02K C01I 121.4(8) 
C025 N00L N00S 116.6(7)   N014 C02L C021 124.4(9) 
C01C N00M Mn03 112.6(5)   N01B C02M C01V 121.2(8) 
C01P N00N Mn02 111.6(6)   N01B C02M C02C 122.4(8) 
C01G N00O N00Q 109.3(6)   C01V C02M C02C 116.3(8) 
N00X N00P Mn01 117.2(5)   C029 C02O C02Z 120.1(8) 
C01E N00P Mn01 126.4(6)   C030 N02Q C03R 119.6(8) 
C01E N00P N00X 116.0(7)   C030 N02Q C03Z 124.0(9) 
N00O N00Q Mn02 116.2(5)   C03Z N02Q C03R 116.4(8) 
C024 N00Q Mn02 126.9(6)   O00J C02R C02E 118.4(8) 
C024 N00Q N00O 116.9(6)   O00J C02R C03E 121.5(8) 
N00U N00R Mn02 116.4(5)   C02E C02R C03E 120.0(9) 
C01M N00R Mn02 126.3(5)   C02D C02S C030 120.5(9) 
C01M N00R N00U 117.2(6)   N00Z C02T C02F 123.7(9) 
C01R N00S N00L 107.1(7)   C03H C02U C023 121.7(9) 
C01C N00T N014 109.4(7)   N010 C02W C03T 111.4(8) 
C01P N00U N00R 108.0(6)   N00Y C02X S006 112.5(5) 
N00Y N00V Mn01 115.5(5)   N00Y C02X N011 123.6(7) 
C01W N00V Mn01 126.0(6)   N011 C02X S006 123.9(6) 
C01W N00V N00Y 118.5(6)   N01B C02Y C02N 113.4(8) 
C01L N00W Mn01 113.4(6)   N01A C02Z C02H 121.9(7) 
C01L N00X N00P 108.9(7)   N01A C02Z C02O 121.2(8) 
C02X N00Y N00V 109.7(6)   C02H C02Z C02O 116.8(8) 
N019 N00Z Mn04 118.2(5)   N02Q C030 C03L 119.6(9) 
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C02T N00Z Mn04 125.6(6)   C02S C030 N02Q 121.3(10) 
C02T N00Z N019 116.0(7)   C02S C030 C03L 119.0(9) 
C01I N010 C02W 122.8(8)   N013 C031 C03E 126.3(9) 
C01I N010 C033 121.9(8)   C02I C032 C036 119.5(8) 
C02W N010 C033 115.1(8)   N010 C033 C03M 113.5(8) 
C02X N011 Mn01 110.7(5)   N01A C034 C03K 114.5(8) 
C01R N012 Mn03 112.2(5)   N01T C035 C038 122.3(10) 
N017 N013 Mn04 116.9(5)   N01T C035 C03F 118.7(9) 
C031 N013 Mn04 125.1(7)   C03F C035 C038 119.0(8) 
C031 N013 N017 117.7(7)   N01D C036 C01Y 119.6(9) 
N00T N014 Mn03 114.7(5)   N01D C036 C032 122.0(9) 
C02L N014 Mn03 127.2(7)   C01Y C036 C032 118.3(9) 
C02L N014 N00T 117.7(7)   C03A C037 C027 123.6(9) 
C01N N015 Mn04 113.2(6)   C01X C038 C035 121.1(9) 
C01G N016 Mn02 112.0(5)   N022 C039 C02E 123.4(9) 
C01N N017 N013 109.1(7)   N022 C039 C03O 120.3(10) 
C026 N018 Mn04 111.7(6)   C03O C039 C02E 116.3(9) 
C026 N019 N00Z 107.7(7)   N02A C03A C037 122.1(9) 
C02Z N01A C02G 122.2(7)   N02A C03A C03H 122.1(10) 
C02Z N01A C034 120.6(7)   C037 C03A C03H 115.7(9) 
C034 N01A C02G 117.1(7)   C03L C03D C02F 122.7(9) 
C02M N01B C02Y 120.5(7)   C02R C03E C03S 117.3(9) 
C02M N01B C03P 122.0(8)   C031 C03E C02R 123.5(9) 
C02Y N01B C03P 117.1(8)   C031 C03E C03S 118.9(9) 
N00M C01C S009 125.2(6)   C03I C03F C035 120.1(9) 
N00M C01C N00T 123.5(8)   C03U C03G N01D 115.4(11) 
N00T C01C S009 111.3(6)   C02U C03H C03A 122.7(10) 
C036 N01D C03G 121.5(9)   C03F C03I C028 122.5(9) 
C036 N01D C042 119.8(9)   C03D C03L C030 120.1(9) 
C03G N01D C042 118.2(8)   N01T C03N C046 112.1(10) 
N00P C01E C01H 124.9(7)   C03S C03O C039 123.0(10) 
O00F C01F C01V 117.7(8)   C044 C03P N01B 113.4(10) 
O00F C01F C021 122.8(8)   C049 C03Q N01T 113.0(12) 
C01V C01F C021 119.5(8)   C03W C03R N02Q 111.3(10) 
N00O C01G S005 112.0(5)   C03O C03S C03E 120.0(10) 
N00O C01G N016 123.0(7)   C045 C03V N022 116.5(10) 
N016 C01G S005 124.9(6)   C041 C03X N022 113.2(10) 
C01E C01H C01K 124.6(7)   C043 C03Y N02A 108.9(10) 
C01E C01H C01Q 120.3(7)   N02Q C03Z C047 113.8(9) 
C01Q C01H C01K 115.1(8)   C048 C040 N02A 113.3(13) 
N010 C01I C02B 122.9(8)   C04C C042 N01D 113.4(14) 
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Table 6 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters 
(Å
2
×10
3
)  
Atom x y z U(eq) 
H00O 4059 7829 3239 60 
H00T 3873 5307 1136 71 
H00A 13265 8243 3692 69 
H00B 12574 7864 3185 69 
H00X 10700 8749 3729 65 
H017 8142 6855 1529 73 
H01E 9568 7918 4124 61 
H01A 5886 5962 1019 146 
H01B 5156 5240 878 146 
H01M 9267 8028 2436 68 
H01Q 8311 7163 4568 71 
H01V 3453 2076 2136 60 
H01W 14083 6175 3634 62 
H01Y 7532 10247 2805 74 
H02V 13369 8688 4614 149 
H02W 13948 9430 4641 149 
H024 5145 8446 4051 64 
H025 2428 4681 3478 68 
H029 6081 9069 4919 65 
H02B 9763 5178 4292 65 
H02D 3990 1652 731 75 
H02E 10909 10179 854 72 
H02F 9240 10195 6097 73 
H02G 10504 10207 6328 73 
H02H 9591 8890 4701 63 
H02I 9733 9081 2025 71 
H02J 4028 2853 627 70 
H02K 7530 6076 4823 68 
H02L 3895 4079 920 71 
H02M 1957 90 1849 98 
H02N 2087 948 2038 98 
H02O 2423 454 2435 98 
H02P 7642 9496 5607 67 
H02X 4845 5386 -193 152 
H02Y 4395 5836 -463 152 
H02S 10238 6402 -35 81 
H02T 14033 8301 1215 67 
H02U 15533 6322 4396 77 
H02Z 14376 9731 5402 177 
H 14642 9544 5866 177 
H02A 8094 3791 4847 80 
H02C 9153 4269 4662 80 
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H02Q 4131 1220 2297 77 
H02R 3960 372 2059 77 
H031 7764 7668 982 74 
H032 9740 10265 1889 75 
H03A 6539 4146 4847 77 
H03B 6475 4940 4732 77 
H03Z 11460 9645 5891 76 
HA 11032 9455 5291 76 
H037 14154 7944 5326 77 
H038 -550 3366 1708 70 
H03 8509 8988 6303 105 
HB 9263 9585 6800 105 
HC 9772 9006 6538 105 
H8AA 13673 10327 6521 165 
HD 13962 9761 6754 165 
H03D 14207 7365 602 76 
H0AA -1434 4126 2987 82 
H1AA 9487 11283 1709 105 
HE 9133 11988 1899 105 
H03H 16338 6761 5239 95 
H2AA 460 4527 3428 84 
H3AA 10220 8167 5311 108 
HF 10562 8343 5913 108 
HG 11526 8442 5607 108 
H03L 13440 6294 -2 89 
H03C 7762 5507 5556 108 
H03E 7588 4677 5666 108 
H03F 6536 4987 5577 108 
H4AA -3905 3564 1996 92 
HH -2941 4120 2460 92 
H03O 7487 9735 307 103 
H5AA 3159 -83 1146 99 
HI 3367 521 787 99 
H6AA -2267 2569 1526 102 
HJ -3544 2505 1535 102 
H03G 9781 4632 -763 89 
H03I 9605 5226 -348 89 
H03S 7104 8549 528 98 
H03J 8017 4000 3820 114 
H03K 6921 3564 3997 114 
H03M 7935 3224 4007 114 
H7AA 11095 12250 2145 136 
HK 10919 11588 2460 136 
HL 10584 12313 2628 136 
H03N 11055 11286 895 120 
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H03P 10951 11362 319 120 
H03Q 9974 5513 -1290 126 
H03R 9726 6074 -880 126 
H03T 8762 5301 -1160 126 
H03U 8787 11349 -100 100 
H03V 7944 10527 -128 100 
H03W 16467 8775 6410 104 
H03X 15527 8759 5922 104 
H03Y 12701 5406 -614 97 
HM 11567 4768 -935 97 
H040 17527 7757 6274 125 
H04A 7111 11403 145 152 
H04B 8206 11819 597 152 
H04C 7413 10995 603 152 
H042 7063 11411 2304 118 
H04D 14120 7908 6212 152 
H04E 14721 8660 6626 152 
H04F 15058 7924 6698 152 
H04P 4707 -145 869 171 
H04Q 5188 275 1444 171 
H04R 5284 746 1001 171 
H04G 10142 12324 465 187 
H04H 11427 12534 779 187 
H04I 10412 12281 1050 187 
H04S -3821 2569 2513 138 
H04T -4473 3130 2671 138 
H04U -3205 3256 2976 138 
H04J 12756 4301 -348 165 
H04K 11494 4110 -273 165 
H04L 12500 4785 103 165 
H04M 15670 6477 5991 217 
H04N 16010 6831 6579 217 
H04O 16882 6543 6331 217 
H04V -3196 2923 832 175 
H04W -2084 3584 1150 175 
H04X -3310 3599 1201 175 
H04Y 8944 12242 3008 223 
HN 8471 11470 3194 223 
HO 7708 12004 3115 223 
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Refinement model description  
Number of restraints - 0, number of constraints - unknown.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups, All C(H,H) groups, All N(H) groups, All N(H,H) groups 
 At 1.5 times of: 
  All C(H,H,H) groups, All O(H,H) groups 
2.a Free rotating group: 
 O01J(H01A,H01B), O020(H02V,H02W), O02P(H02X,H02Y), O02V(H02Z,H), O03C(H8AA,HD) 
2.b Secondary CH2 refined with riding coordinates: 
 N00W(H00A,H00B), C02G(H02F,H02G), C02W(H02A,H02C), C02Y(H02Q,H02R), C033(H03A, 
 H03B), C034(H03Z,HA), C03G(H1AA,HE), C03N(H4AA,HH), C03P(H5AA,HI), C03Q(H6AA, 
 HJ), C03R(H03G,H03I), C03V(H03N,H03P), C03X(H03U,H03V), C03Y(H03W,H03X), 
 C03Z(H03Y,HM) 
2.c Aromatic/amide H refined with riding coordinates: 
 N00O(H00O), N00T(H00T), N00X(H00X), N017(H017), C01E(H01E), C01M(H01M), 
 C01Q(H01Q), C01V(H01V), C01W(H01W), C01Y(H01Y), C024(H024), C025(H025), 
 C029(H029), C02B(H02B), C02C(H02D), C02E(H02E), C02H(H02H), C02I(H02I), 
 C02J(H02J), C02K(H02K), C02L(H02L), C02O(H02P), C02S(H02S), C02T(H02T), 
 C02U(H02U), C031(H031), C032(H032), C037(H037), C038(H038), C03D(H03D), 
 C03F(H0AA), C03H(H03H), C03I(H2AA), C03L(H03L), C03O(H03O), C03S(H03S), 
 C040(H040), C042(H042) 
2.d Idealised Me refined as rotating group: 
 C02N(H02M,H02N,H02O), C03B(H03,HB,HC), C03K(H3AA,HF,HG), C03M(H03C,H03E,H03F), 
  C03T(H03J,H03K,H03M), C03U(H7AA,HK,HL), C03W(H03Q,H03R,H03T), C041(H04A,H04B, 
 H04C), C043(H04D,H04E,H04F), C044(H04P,H04Q,H04R), C045(H04G,H04H,H04I), 
 C046(H04S,H04T,H04U), C047(H04J,H04K,H04L), C048(H04M,H04N,H04O), C049(H04V, 
 H04W,H04X), C04C(H04Y,HN,HO) 
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Crystal Refinement Data for HL4 at 100 (K) 
Table 1 Crystal data and structure refinement for HL4 
Identification code  HL
4
  
Empirical formula  C5H8N5OS  
Formula weight  186.22  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  10.856(2)  
b/Å  11.237(2)  
c/Å  7.0620(14)  
α/°  90  
β/°  104.27(3)  
γ/°  90  
Volume/Å
3
  834.9(3)  
Z  4  
ρcalcg/cm
3
  1.482  
μ/mm-1  0.347  
F(000)  388.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.872 to 56.55  
Index ranges  -14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -9 ≤ l ≤ 9  
Reflections collected  12688  
Independent reflections  2048 [Rint = 0.0364, Rsigma = 0.0210]  
Data/restraints/parameters  2048/0/112  
Goodness-of-fit on F
2
  1.090  
Final R indexes [I>=2σ (I)]  R1 = 0.0754, wR2 = 0.2472  
Final R indexes [all data]  R1 = 0.0761, wR2 = 0.2481  
Largest diff. peak/hole / e Å
-3
  1.13/-0.93  
 
 
Table 2 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement 
Parameters (Å
2
×10
3
). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 
tensor. 
Atom x y z U(eq) 
S001 1257.8(7) 6436.9(7) 6616.7(12) 21.2(3) 
O002 4916(2) 2096(2) 5398(4) 24.2(6) 
C003 1514(3) 4106(2) 6732(4) 13.0(5) 
N004 3308(3) 5142(2) 8234(4) 20.4(6) 
C005 3539(3) 867(3) 7908(4) 14.6(6) 
C006 2683(3) -933(2) 7516(4) 15.9(6) 
N007 2215(3) 3065(2) 7179(4) 18.6(6) 
C008 2226(3) 959(3) 7176(5) 18.7(6) 
N009 1577(3) 2099(3) 6763(5) 26.3(7) 
N00A 3761(3) -287(3) 8086(5) 29.7(7) 
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N00B 1698(3) -154(3) 6942(5) 29.0(7) 
C00C 2101(3) 5160(3) 7243(4) 17.9(6) 
  
Table 3 Anisotropic Displacement Parameters (Å
2
×10
3
) The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
S001 19.8(5) 12.0(5) 29.0(5) -0.4(3) 0.6(3) 1.0(2) 
O002 22.3(12) 20.5(12) 29.1(12) 5.6(9) 5.0(9) 3.9(9) 
C003 11.5(12) 6.7(12) 18.7(13) 0.2(9) 0.1(9) 0.9(9) 
N004 18.1(13) 13.8(12) 26.9(14) -0.9(10) 0.9(10) -1.1(9) 
C005 12.6(13) 11.1(12) 17.9(12) -0.1(10) -0.3(10) 0.5(9) 
C006 20.0(14) 7.4(12) 19.4(13) 1.2(9) 3.5(11) 0.2(10) 
N007 20.6(13) 11.3(12) 22.8(13) 0.8(9) 3.3(10) 3.2(9) 
C008 19.3(15) 16.3(14) 19.8(13) -0.4(10) 3.5(11) -1.1(11) 
N009 28.5(15) 21.3(14) 28.7(15) 0.4(11) 6.2(12) 0.4(11) 
N00A 31.8(17) 22.0(16) 33.4(16) 0.6(12) 4.5(13) 0.2(11) 
N00B 31.5(17) 21.9(15) 32.7(16) 0.9(12) 6.1(13) -0.7(12) 
C00C 19.3(14) 14.4(13) 20.0(13) 0(1) 4.9(11) 0.2(10) 
  
Table 4 Bond Lengths  
Atom Atom Length/Å   Atom Atom Length/Å 
S001 C00C 1.700(3)   C006 N00A 1.352(4) 
C003 N007 1.389(4)   C006 N00B 1.364(4) 
C003 C00C 1.351(4)   N007 N009 1.282(4) 
N004 C00C 1.325(4)   C008 N009 1.456(4) 
C005 C008 1.395(4)   C008 N00B 1.369(4) 
C005 N00A 1.320(4)         
  
Table 5 Bond Angles  
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C00C C003 N007 118.9(3)   N007 N009 C008 119.5(3) 
N00A C005 C008 104.7(3)   C005 N00A C006 112.0(3) 
N00A C006 N00B 107.6(3)   C006 N00B C008 106.0(3) 
N009 N007 C003 115.3(3)   C003 C00C S001 118.8(2) 
C005 C008 N009 122.6(3)   N004 C00C S001 123.3(2) 
N00B C008 C005 109.7(3)   N004 C00C C003 117.8(3) 
N00B C008 N009 127.7(3)           
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Table 6 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters 
(Å
2
×10
3
)  
Atom x y z U(eq) 
H00D 4501 1842 6191 36 
H00E 4505 2658 4717 36 
H003 656 4078 6093 16 
H00A 3693 4473 8532 24 
H00B 3707 5799 8580 24 
H005 4127 1483 8206 18 
H006 2623 -1758 7515 19 
H00C 906 -327 6519 35 
Refinement model description  
Number of restraints - 0, number of constraints - unknown.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups, All N(H) groups, All N(H,H) groups 
2.a Aromatic/amide H refined with riding coordinates: 
 C003(H003), C005(H005), C006(H006), N00B(H00C) 
2.b X=CH2 refined with riding coordinates: 
 N004(H00A,H00B) 
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Crystal Refinement Data for [Fe(L4)2]Cl at 100 (K) 
Table 1 Crystal data and structure refinement for [Fe(L4)2]Cl 
Identification code  [Fe(L4)2]Cl 
Empirical formula  C14H22ClFeN8O2S2  
Temperature/K  100(2)  
Crystal system  orthorhombic  
Space group  Pna21  
a/Å  21.971(4)  
b/Å  11.616(2)  
c/Å  7.6880(15)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å
3
  1962.1(7)  
Z  4  
ρcalcg/cm
3
  1.658  
μ/mm-1  1.147  
F(000)  1012.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.966 to 56.562  
Index ranges  
-29 ≤ h ≤ 29, -15 ≤ k ≤ 15, -10 ≤ l ≤ 
10  
Reflections collected  30149  
Independent reflections  4869 [Rint = 0.0278, Rsigma = 0.0159]  
Data/restraints/parameters  4869/1/257  
Goodness-of-fit on F
2
  1.057  
Final R indexes [I>=2σ (I)]  R1 = 0.0446, wR2 = 0.1300  
Final R indexes [all data]  R1 = 0.0446, wR2 = 0.1300  
Largest diff. peak/hole / e Å
-3
  1.24/-0.73  
Flack parameter 0.495(2) 
 
 
  
Table 2 Fractional Atomic Coordinates (×10
4
) and Equivalent Isotropic Displacement 
Parameters (Å
2
×10
3
) Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Fe01 2759.4(3) 7619.7(5) 8143.7(9) 10.66(17) 
S002 3420.4(6) 7518.8(10) 10324.1(16) 14.6(3) 
S003 3436.1(6) 7722.6(10) 6010.7(15) 14.8(2) 
Cl04 4926.4(5) 2329.9(10) -1623.4(18) 20.1(3) 
N005 2773.8(16) 9259(3) 8600(5) 11.9(7) 
N006 2770.7(16) 5985(3) 7661(5) 11.5(7) 
N007 2080.5(18) 7140(3) 9688(5) 12.8(7) 
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O008 4605.3(18) 1600(3) 2199(5) 23.6(8) 
N009 2088.4(18) 8103(3) 6573(5) 13.0(7) 
C00A 3201.0(18) 5456(4) 6613(5) 8.4(7) 
N00B 1254.1(18) 6759(4) 11178(5) 16.0(8) 
N00C 3970(2) 5887(4) 4675(6) 20.2(8) 
N00D 1266.9(18) 8486(4) 5068(5) 16.3(8) 
C00E 3207.1(18) 9777(4) 9645(5) 8.4(7) 
C00F 1651(2) 7587(4) 10698(7) 14.7(9) 
N00G 3967.2(19) 9361(4) 11592(6) 17.9(8) 
C00H 4514(2) 3727(4) 3900(9) 23.7(11) 
C00I 2355(2) 5337(4) 8390(6) 13.9(8) 
C00J 1439(2) 9504(4) 5805(7) 16.6(9) 
C00K 2366(2) 9902(4) 7857(6) 13.8(8) 
C00L 1956(2) 9267(4) 6753(6) 13.1(8) 
C00M 1941(2) 5977(4) 9495(6) 13.2(8) 
C00N 3538(2) 6231(4) 5799(6) 14.0(8) 
C00O 3534(2) 9016(4) 10490(6) 14.5(8) 
C00P 1425(2) 5729(4) 10431(6) 14.9(8) 
C00Q 1662(2) 7654(4) 5552(7) 14.6(9) 
C00R 5086(2) 1075(5) 3198(9) 27.1(10) 
O00S 5119(3) 4071(8) 4026(18) 96(3) 
  
Table 3 Anisotropic Displacement Parameters (Å
2
×10
3
) The Anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Fe01 12.8(3) 10.1(3) 9.1(3) -0.9(3) 0.3(3) -0.13(19) 
S002 16.9(6) 12.4(5) 14.7(5) 0.1(4) -3.8(4) 0.2(4) 
S003 18.4(6) 11.9(5) 14.1(5) 0.0(4) 4.4(4) -0.2(4) 
Cl04 14.5(4) 24.8(6) 20.9(6) -7.3(5) -0.8(4) 0.5(4) 
N005 14.0(16) 12.0(17) 9.7(17) -0.7(13) 1.5(13) -2.0(13) 
N006 13.6(16) 11.5(17) 9.4(17) 0.2(13) 1.3(13) 1.0(13) 
N007 15.7(17) 12.5(17) 10.1(17) -0.6(14) 1.6(14) 1.1(15) 
O008 22.4(17) 23.7(19) 24.6(18) -0.7(15) -6.3(15) 2.3(15) 
N009 16.9(17) 12.2(18) 10.0(16) 0.3(14) 0.3(14) -1.9(14) 
C00A 10.0(16) 7.6(17) 7.6(17) -2.4(14) 3.9(14) -0.1(14) 
N00B 15.4(17) 19.3(19) 13.4(17) -0.3(15) 2.2(14) 1.1(14) 
N00C 22.9(19) 15.8(18) 22(2) -2.5(17) 11.1(17) -1.7(16) 
N00D 19.3(18) 15.9(18) 13.7(18) 1.4(15) -4.2(15) -1.3(15) 
C00E 11.2(16) 6.6(16) 7.5(18) -3.1(14) -2.7(14) -0.2(14) 
C00F 17(2) 16(2) 12(2) -1.0(16) 1.1(19) 0.5(15) 
N00G 19.5(18) 15.4(19) 18.8(19) -2.8(16) -7.2(16) 1.0(15) 
C00H 15(2) 11(2) 45(3) -14(2) 6(2) 0.5(17) 
C00I 15.8(18) 13.9(18) 12.1(19) 0.7(16) 0.9(17) 0.0(16) 
174 
C00J 17(2) 15(2) 18(2) 0.1(18) -1.6(18) 0.2(16) 
C00K 15.9(17) 11.1(18) 14(2) 0.4(15) 0.6(16) 0.1(15) 
C00L 16.5(19) 11(2) 11.3(19) 1.6(15) 0.5(16) 0.3(15) 
C00M 15.3(19) 14(2) 10.6(19) -0.2(16) 0.7(16) 0.0(15) 
C00N 18.0(19) 12.3(19) 12(2) -2.7(16) 0.5(17) -1.2(16) 
C00O 17.6(19) 12.1(19) 14(2) -1.9(17) 2.9(16) -1.5(16) 
C00P 17(2) 16(2) 11.7(19) 0.4(16) 1.9(17) -0.7(16) 
C00Q 17(2) 15(2) 12(2) -1.4(16) 0.0(18) -2.0(16) 
C00R 23(2) 26(2) 32(3) 1(3) -3(2) -1.0(19) 
O00S 53(4) 78(5) 157(10) -11(6) 1(5) 6(4) 
  
Table 4 Bond Lengths  
Atom Atom Length/Å   Atom Atom Length/Å 
Fe01 S002 2.2211(14)   N009 C00L 1.390(6) 
Fe01 S003 2.2169(14)   N009 C00Q 1.328(6) 
Fe01 N005 1.936(4)   C00A C00N 1.323(6) 
Fe01 N006 1.935(4)   N00B C00F 1.351(6) 
Fe01 N007 1.986(4)   N00B C00P 1.379(6) 
Fe01 N009 1.987(4)   N00C C00N 1.343(6) 
S002 C00O 1.761(5)   N00D C00J 1.365(6) 
S003 C00N 1.755(5)   N00D C00Q 1.352(6) 
N005 C00E 1.384(5)   C00E C00O 1.312(6) 
N005 C00K 1.299(6)   N00G C00O 1.336(6) 
N006 C00A 1.386(5)   C00H O00S 1.393(9) 
N006 C00I 1.309(6)   C00I C00M 1.449(6) 
N007 C00F 1.327(6)   C00J C00L 1.377(6) 
N007 C00M 1.393(6)   C00K C00L 1.441(6) 
O008 C00R 1.442(6)   C00M C00P 1.374(6) 
  
Table 5 Bond Angles  
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
S003 Fe01 S002 97.04(5)   C00L N009 Fe01 111.7(3) 
N005 Fe01 S002 84.51(12)   C00Q N009 Fe01 140.4(3) 
N005 Fe01 S003 94.02(11)   C00Q N009 C00L 107.1(4) 
N005 Fe01 N007 100.36(16)   C00N C00A N006 110.8(4) 
N005 Fe01 N009 81.04(16)   C00F N00B C00P 109.2(4) 
N006 Fe01 S002 94.85(12)   C00Q N00D C00J 109.1(4) 
N006 Fe01 S003 84.40(12)   C00O C00E N005 111.8(4) 
N006 Fe01 N005 178.22(15)   N007 C00F N00B 109.9(4) 
N006 Fe01 N007 81.31(16)   N006 C00I C00M 113.2(4) 
N006 Fe01 N009 99.82(16)   N00D C00J C00L 106.0(4) 
N007 Fe01 S002 91.44(12)   N005 C00K C00L 113.4(4) 
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N007 Fe01 S003 163.95(13)   N009 C00L C00K 115.2(4) 
N007 Fe01 N009 83.43(16)   C00J C00L N009 108.3(4) 
N009 Fe01 S002 163.51(12)   C00J C00L C00K 136.5(4) 
N009 Fe01 S003 91.88(12)   N007 C00M C00I 114.9(4) 
C00O S002 Fe01 95.48(17)   C00P C00M N007 109.2(4) 
C00N S003 Fe01 95.80(16)   C00P C00M C00I 135.9(4) 
C00E N005 Fe01 123.0(3)   C00A C00N S003 123.8(4) 
C00K N005 Fe01 118.3(3)   C00A C00N N00C 119.8(4) 
C00K N005 C00E 118.7(4)   N00C C00N S003 116.3(4) 
C00A N006 Fe01 123.7(3)   C00E C00O S002 123.5(4) 
C00I N006 Fe01 118.2(3)   C00E C00O N00G 120.1(4) 
C00I N006 C00A 118.1(4)   N00G C00O S002 116.3(4) 
C00F N007 Fe01 140.6(3)   C00M C00P N00B 105.1(4) 
C00F N007 C00M 106.6(4)   N009 C00Q N00D 109.5(4) 
C00M N007 Fe01 111.9(3)           
  
Table 6 Hydrogen Atom Coordinates (Å×10
4
) and Isotropic Displacement Parameters 
(Å
2
×10
3
)  
Atom x y z U(eq) 
H008 4318 1153 2124 35 
H00A 3247 4664 6498 10 
H00B 944 6858 11844 19 
H00C 4026 5166 4486 24 
H00D 4189 6389 4144 24 
H00E 957 8389 4401 20 
H00F 3260 10569 9738 10 
H00G 1628 8357 11026 18 
H00H 4032 10084 11750 21 
H00I 4181 8861 12145 21 
H00R 4331 4080 2899 35 
H00S 4298 3960 4928 35 
H00T 4494 2905 3787 35 
H00J 2328 4547 8216 17 
H00K 1246 10213 5692 20 
H00L 2341 10694 8020 17 
H00P 1232 5020 10537 18 
H00Q 1640 6885 5221 18 
H00M 5147 298 2808 41 
H00N 4977 1072 4407 41 
H00O 5456 1505 3043 41 
H00U 5331 3658 3407 144 
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Refinement model description  
Number of restraints - 1, number of constraints - unknown.  
Details: 
1. Fixed Uiso 
 At 1.2 times of: 
  All C(H) groups, All N(H) groups, All N(H,H) groups 
2.a Aromatic/amide H refined with riding coordinates: 
 C00A(H00A), N00B(H00B), N00D(H00E), C00E(H00F), C00F(H00G), C00I(H00J), 
 C00J(H00K), C00K(H00L), C00P(H00P), C00Q(H00Q) 
2.b X=CH2 refined with riding coordinates: 
 N00C(H00C,H00D), N00G(H00H,H00I) 
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     Appendix F – PXRD Data 4.6
HL1 Spectrum and Parameters 
 
Angle d value Intensity Intensity % 
2-Theta ° Angstrom Count % 
10.107 8.74457 3495 22.2 
12.652 6.99102 798 5.1 
13.017 6.79581 385 2.4 
13.67 6.47252 5991 38.1 
15.391 5.75233 8816 56.1 
15.67 5.65057 3943 25.1 
16.22 5.46014 468 3 
19.126 4.63677 8397 53.4 
19.837 4.47213 7867 50 
20.274 4.3767 15728 100 
20.478 4.33346 5916 37.6 
21.814 4.07104 6716 42.7 
22.411 3.96398 3413 21.7 
23.222 3.82721 7766 49.4 
TB04
Operations: Background 10.000,1.000 | Import
TB04 - File: TB04.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 54.999 ° - Step: 0.014 ° - Step time: 576. s - Temp.: 25 °C (Room) - Time Started: 21 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X:
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23.52 3.77953 7181 45.7 
23.798 3.73593 15249 97 
24.084 3.6922 5494 34.9 
25.05 3.55203 3424 21.8 
25.513 3.48858 4127 26.2 
26.135 3.40695 2497 15.9 
26.671 3.33966 10726 68.2 
27.5 3.24089 3601 22.9 
27.942 3.19056 5326 33.9 
28.48 3.13154 2729 17.3 
29.928 2.98323 1472 9.4 
30.826 2.89833 7982 50.7 
31.589 2.83002 770 4.9 
31.935 2.80018 2933 18.6 
32.522 2.75096 1568 10 
32.798 2.72843 3631 23.1 
33.304 2.68809 1025 6.5 
33.689 2.65828 917 5.8 
34.113 2.6262 2549 16.2 
34.805 2.57558 1419 9 
35.475 2.52839 1217 7.7 
36.63 2.45133 5161 32.8 
37.469 2.39832 853 5.4 
38.092 2.36051 3615 23 
39.982 2.2532 1214 7.7 
40.591 2.22075 578 3.7 
41.248 2.18689 1367 8.7 
41.883 2.15521 4118 26.2 
42.213 2.13909 1018 6.5 
43.214 2.09187 772 4.9 
43.878 2.06173 1426 9.1 
45.701 1.98364 605 3.8 
179 
46.343 1.95764 968 6.2 
46.936 1.93427 1611 10.2 
47.696 1.90522 5316 33.8 
48.134 1.8889 963 6.1 
49.553 1.83807 440 2.8 
50.037 1.82143 2451 15.6 
50.972 1.79017 468 3 
52.203 1.75084 1248 7.9 
53.608 1.7082 303 1.9 
54.095 1.69398 440 2.8 
54.46 1.68349 468 3 
 
 
H2L
2  Spectrum and Parameters 
 
 
 
 
Angle d value Intensity Intensity % 
2-Theta ° Angstrom Count % 
TB03
Operations: Background 4.571,1.000 | Import
TB03 - File: TB03.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 54.999 ° - Step: 0.014 ° - Step time: 576. s - Temp.: 25 °C (Room) - Time Started: 24 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X:
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6.404 13.79067 14306 19.3 
11.11 7.95772 29465 39.7 
12.417 7.12281 11353 15.3 
14.338 6.17236 74262 100 
19.277 4.60068 44565 60 
20.996 4.2278 1708 2.3 
21.311 4.166 20333 27.4 
21.566 4.11723 1784 2.4 
22.053 4.02753 4725 6.4 
22.284 3.98629 4334 5.8 
23.416 3.79599 73971 99.6 
24.668 3.60603 7289 9.8 
24.944 3.56685 11944 16.1 
25.77 3.45436 13562 18.3 
26.111 3.40994 3535 4.8 
27.884 3.19711 12915 17.4 
28.864 3.0907 6919 9.3 
29.408 3.03475 2036 2.7 
30.242 2.95291 1540 2.1 
31.173 2.86682 13966 18.8 
32.146 2.78226 1527 2.1 
32.361 2.76428 1500 2 
32.841 2.72494 3871 5.2 
33.658 2.66064 5249 7.1 
34.146 2.62371 3358 4.5 
34.767 2.57828 25609 34.5 
35.334 2.53822 944 1.3 
37.307 2.40836 2941 4 
37.766 2.38013 684 0.9 
38.288 2.34887 1081 1.5 
38.715 2.32396 1732 2.3 
39.046 2.30501 780 1.1 
181 
41.766 2.16098 1188 1.6 
42.671 2.11722 2719 3.7 
43.357 2.0853 1827 2.5 
44.498 2.03444 4545 6.1 
46.507 1.95113 3020 4.1 
47.826 1.90034 5187 7 
48.238 1.88508 2106 2.8 
49.34 1.8455 1720 2.3 
 
 
 
H2L
3 Spectrum and Parameters 
 
 
Angle d value Intensity Intensity % 
2-Theta ° Angstrom Count % 
9.459 9.34292 95849 100 
11.612 7.61436 17060 17.8 
12.449 7.10461 20763 21.7 
12.652 6.9912 20907 21.8 
TB01
Operations: Background 8.128,1.000 | Import
TB01 - File: TB01.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 54.999 ° - Step: 0.014 ° - Step time: 576. s - Temp.: 25 °C (Room) - Time Started: 22 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X:
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15.067 5.87553 39006 40.7 
15.288 5.79108 5623 5.9 
16.116 5.49529 5658 5.9 
16.818 5.2674 1396 1.5 
17.416 5.08794 13448 14 
17.975 4.93094 8809 9.2 
18.675 4.74758 4116 4.3 
19.002 4.66653 10808 11.3 
19.344 4.58501 9137 9.5 
20.821 4.26284 40169 41.9 
21.391 4.15051 4345 4.5 
22.229 3.99603 18839 19.7 
22.772 3.90186 9978 10.4 
23.378 3.80207 3021 3.2 
23.79 3.73724 20797 21.7 
24.526 3.62664 7276 7.6 
24.89 3.57446 2918 3 
25.457 3.49604 6749 7 
25.759 3.4558 82546 86.1 
26.415 3.37138 14633 15.3 
28.004 3.18365 1502 1.6 
28.361 3.14434 2661 2.8 
28.673 3.11084 3031 3.2 
28.954 3.08126 2201 2.3 
29.706 3.00497 2728 2.8 
29.964 2.97972 3184 3.3 
30.3 2.94738 3884 4.1 
31.485 2.83912 3321 3.5 
31.925 2.80101 5912 6.2 
32.488 2.75375 2001 2.1 
33.429 2.67838 1359 1.4 
34.961 2.56444 2530 2.6 
183 
35.381 2.53495 1665 1.7 
36.534 2.45753 1646 1.7 
36.868 2.43605 902 0.9 
37.431 2.40068 617 0.6 
37.743 2.38151 1231 1.3 
41.912 2.15379 2659 2.8 
42.684 2.11658 2728 2.8 
43.692 2.07006 1011 1.1 
44.844 2.01954 1936 2 
45.781 1.98034 797 0.8 
46.201 1.96332 561 0.6 
47.199 1.9241 746 0.8 
48.783 1.86526 831 0.9 
51.823 1.76278 1586 1.7 
51.915 1.75986 616 0.6 
52.931 1.72846 1037 1.1 
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[Fe(L4)2]Cl
 Spectrum and Parameters 
 
 
 
Angle d value Intensity Intensity % 
2-Theta ° Angstrom Count % 
5.531 15.96582 4306 39.9 
6.26 14.10741 3204 29.7 
6.467 13.6575 6596 61.2 
6.732 13.11887 10779 100 
7.374 11.97798 851 7.9 
7.603 11.61908 3562 33 
8.935 9.88893 896 8.3 
9.426 9.37554 1080 10 
10.026 8.81513 506 4.7 
10.351 8.53924 726 6.7 
10.944 8.0777 528 4.9 
11.656 7.58596 968 9 
11.953 7.39838 946 8.8 
12.398 7.13387 1034 9.6 
TB01_MnCR
Operations: Background 2.570,1.000 | Import
TB01_MnCR - File: TB01_MnCR.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 54.999 ° - Step: 0.014 ° - Step time: 576. s - Temp.: 25 °C (Room) - Time Started: 21 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° -
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13.365 6.61971 873 8.1 
13.59 6.51027 758 7 
14.444 6.12739 616 5.7 
14.77 5.99277 638 5.9 
15.585 5.68111 781 7.2 
16.313 5.42949 1100 10.2 
16.965 5.2221 638 5.9 
17.707 5.00506 1232 11.4 
18.122 4.8913 990 9.2 
18.418 4.81332 644 6 
18.656 4.75251 660 6.1 
19.012 4.66434 792 7.3 
19.397 4.57248 1144 10.6 
20.109 4.4122 682 6.3 
20.761 4.27498 990 9.2 
21.512 4.12742 873 8.1 
21.918 4.05192 506 4.7 
22.421 3.9621 391 3.6 
22.817 3.89425 552 5.1 
23.298 3.81498 575 5.3 
24.035 3.69958 919 8.5 
24.712 3.59984 437 4.1 
25.249 3.52445 460 4.3 
26.74 3.33116 1747 16.2 
27.285 3.26594 368 3.4 
28.597 3.11896 529 4.9 
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HL4 Spectrum and Parameters 
 
Angle d value Intensity Intensity % 
2-Theta ° Angstrom Count % 
7.934 11.13449 22954 49.7 
12.243 7.22361 16150 35 
15.402 5.74832 2533 5.5 
15.878 5.577 28106 60.8 
16.669 5.31428 1938 4.2 
17.994 4.92571 6844 14.8 
18.427 4.81093 15830 34.3 
18.687 4.74448 3788 8.2 
20.321 4.36652 46201 100 
21.102 4.20668 22882 49.5 
22.393 3.96712 14560 31.5 
23.232 3.82564 13956 30.2 
23.886 3.72229 7075 15.3 
24.272 3.66411 1607 3.5 
24.62 3.61309 3972 8.6 
TB05
Operations: Background 1.585,1.000 | Import
TB05 - File: TB05.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 54.999 ° - Step: 0.014 ° - Step time: 576. s - Temp.: 25 °C (Room) - Time Started: 22 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X:
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24.957 3.56499 38640 83.6 
25.675 3.46697 1784 3.9 
26.37 3.37712 5053 10.9 
26.692 3.33711 20817 45.1 
27.251 3.26987 8119 17.6 
27.752 3.212 737 1.6 
29.315 3.04419 35278 76.4 
31.022 2.88046 5002 10.8 
31.825 2.80954 2049 4.4 
32.448 2.75703 7210 15.6 
33.642 2.66185 1719 3.7 
34.032 2.63226 4507 9.8 
37.232 2.41304 1504 3.3 
37.744 2.38148 2884 6.2 
39.943 2.25531 735 1.6 
40.308 2.23573 1396 3 
40.618 2.21936 3997 8.7 
41.896 2.15456 2145 4.6 
43.191 2.09292 2344 5.1 
44.791 2.0218 1033 2.2 
45.19 2.00487 2181 4.7 
45.633 1.98642 882 1.9 
46.77 1.94077 1980 4.3 
47.896 1.89774 1640 3.6 
48.174 1.8874 882 1.9 
49.634 1.83526 735 1.6 
50.319 1.81188 1427 3.1 
50.648 1.80087 1249 2.7 
51.391 1.77657 552 1.2 
52.796 1.73256 2282 4.9 
54.49 1.68262 857 1.9 
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[Fe(L4)2]Cl PXRD Spectrum and Parameters  
 
 
Angle d value Intensity Intensity % 
2-Theta ° Angstrom Count % 
7.404 11.93065 1703 38.8 
8.78 10.06312 322 7.3 
9.421 9.38001 656 14.9 
10.415 8.48678 1351 30.8 
11.051 7.99958 4392 100 
11.631 7.60214 1067 24.3 
12.197 7.25057 335 7.6 
12.794 6.91353 746 17 
13.2 6.70192 2252 51.3 
14.305 6.18681 2490 56.7 
14.784 5.98727 297 6.8 
15.229 5.81338 387 8.8 
15.626 5.66649 1033 23.5 
16.247 5.45119 368 8.4 
16.512 5.36433 753 17.1 
TB05_Fe
Operations: Background 6.761,1.000 | Import
TB05_Fe - File: TB05_Fe.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 54.999 ° - Step: 0.014 ° - Step time: 576. s - Temp.: 25 °C (Room) - Time Started: 22 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.
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17.122 5.17454 534 12.2 
17.474 5.07119 585 13.3 
17.744 4.99449 1557 35.5 
18.004 4.92311 423 9.6 
18.489 4.79487 374 8.5 
19.611 4.52316 687 15.6 
20.449 4.33954 300 6.8 
20.807 4.26568 489 11.1 
21.205 4.18663 1083 24.7 
21.369 4.15473 450 10.3 
21.949 4.04637 373 8.5 
22.226 3.99642 423 9.6 
23.194 3.83176 1347 30.7 
23.398 3.79895 599 13.6 
23.702 3.75081 434 9.9 
24.966 3.56367 1133 25.8 
25.556 3.48271 335 7.6 
26.164 3.40315 373 8.5 
26.73 3.33246 649 14.8 
28.375 3.14289 424 9.7 
32.497 2.75296 473 10.8 
33.379 2.68227 358 8.2 
 
 
 
